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ABSTRACT
Improving the Suction Performance and Stability of an Inducer with an Integrated Inlet Cover
Bleed System Known as a Stability Control Device
Ryan K. Lundgreen
Department of Mechanical Engineering, BYU
Doctor of Philosophy
The performance of an inducer with the integration of an inlet cover bleed system known
as a stability control device (SCD) is investigated using computational fluid dynamics. Inducers
are the first stage of high suction performance pumps and are designed to operate under cavitating
conditions. Improvements in design have allowed inducers to operate stably with low inlet head
conditions, however, cavitation instabilities ultimately lead to pump failure. It has been shown that
inducers that employ an SCD fully suppress cavitation instabilities.
The performance of an inducer is explored at both on- and off-design flow coefficients,
where the flow coefficient is a normalized flow rate through the inducer. Both the cavitating and
non-cavitating performance of the inducer are analyzed. Improved stability is observed when the
SCD is implemented, particularly at flow coefficients below the design value. The stabilizing effect
of the SCD allows the inducer to operate stably at much lower flow coefficients, which allows
for significant improvements in the pumps ability to operate with minimal inlet head. Cavitation
instabilities, such as rotating cavitation, are also suppressed when the SCD is implemented.
As part of this work, the design space created by the SCD is explored. Variations in the
SCD geometry as well as the inlet blade angle of the inducer are explored. High suction performance pumps are required to operate at very low flow coefficients in order to have the best suction
performance. Traditionally, only inducers with small inlet blade angles can maintain stable operation at very low flow coefficient. Because of the stabilizing effect of an SCD, inducers with larger
inlet blade angles can now operate stably at the low flow rates require for high suction performance
pumps. The influence of varying the inlet blade angle is explored in inducers that employ an SCD.
This provides a better understanding of the flow physics in inducers that employ an SCD and help
to define their design criteria. Stable operation at low flow coefficients is achieved with the larger
inlet blade angles, confirming that inducers with larger inlet blade angles that employ an SCD can
be used in high suction performance pumps. Modifications to the SCD geometry are considered to
better optimize the design. Variations in the SCD geometry have almost no effect on the cavitation
breakdown curve for each inducer, however, the stability of the pumps is greatly influenced by the
SCD geometry. Some cavitation instabilities are observed in inducers that operate with an SCD.
The physics that leads to the generation of these instabilities is unique to an inducer with an SCD.
Modifications to the SCD geometry can allow inducers that employ an SCD to suppress traditional
cavitation instabilities that occur without an SCD as well as the new instabilities that are observed
when an SCD is implemented.

Keywords: inducer, cavitation, pump, turbopump, stability control device, instabilities
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CHAPTER 1.

INTRODUCTION

Rotordynamic pumps are used to energize a fluid by applying a tangential force on it as it
passes through an impeller. The fluid is accelerated by the force of the rotating blades. In some
cases the increase in rotational speed of the fluid can cause the local static pressure of the fluid
to drop below the vapor pressure and vapor bubbles form within the region of low pressure. This
phenomenon is known as cavitation, and it can be very detrimental to the pump performance and
the structural integrity of the machine. Most pumps are designed to operate with a sufficiently high
inlet head so that cavitation does not form within the pump. However, in some applications the
inlet head is too low and pumps are required to operate with cavitation. One class of pumps that
is designed to operate under cavitating conditions can be referred to as high suction performance
pumps.
Cavitation is a critical concern for the design of high suction performance pumps. Researchers have been studying the complex flow instabilities that are associated with the vapor
bubbles within the dynamic flow field that exists within a pump for more than 50 years. Many
improvements in pump design have allowed pumps to operate stably at very low inlet head conditions. One of these design improvements employs an axial pump just upstream of a centrifugal
pump [2]. An axial pump used to improve the cavitation performance of a pump is known as an
inducer. Most of the fluid flow is parallel to the axis of rotation of the inducer, allowing the inducer
to operate at high suction specific speeds, which is advantageous for pumps operating at a low
suction head. The inducer pressurizes the fluid sufficiently so that cavitation then does not develop
within the rest of the pump. Because an inducer can operate at higher suction specific speeds,
when it is implemented into a pumping system stable operation can be maintained at lower inlet
head conditions.
Designing an inducer capable of operating stably with a large portion of the rotor blades
covered with cavitation is not a trivial matter. There are many design parameters that affect the
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cavitation performance of the pump such as the inlet blade angle, the blade sweep, the blade tip
clearance, the inlet eye diameter, and the inlet casing to name a few [3]. This work will focus on
inducers operating with an inlet bleed system known as a stability control device or SCD. Figure
1.1 shows a schematic of an inducer with a generic SCD. A bleed slot is located just downstream of
the inducer leading edge. Energized fluid enters the bleed slot and continues into a radial diffuser
before being reinjected into the core flow upstream of the inducer. Japikse observed through experiments that implementing this bleed system significantly stabilized the flow through a cavitating
inducer [4]. Cavitation instabilities that occurred for an inducer without the SCD were completely
suppressed when an SCD was included in the inlet casing. Oliphant also demonstrated that not
only did the SCD stabilize the fluid, it allowed an inducer to operate with good head rise even at
significantly lower suction head [5].
The preliminary results for inducers operating with an SCD suggest that implementing an
SCD could allow for the design of inducers that could surpass the current limitations of state-ofthe-art inducers. The focus of this work is to analyze the performance of a state-of-the-art inducer
with and without an SCD using computational fluid dynamics (CFD). Time-accurate, multiphase
simulations are used to better understand how the SCD stabilizes the flow through the inducer. In
addition, this study explores the new design space for inducers that employ an SCD. Various inducer blade geometries as well as different SCD configurations are explored in order to understand
where the SCD design limits are so that future SCD designs can be optimized in order to maximize
the benefit from this device.

Figure 1.1: A schematic of an inducer with a stability control device.

2

1.1

Pump Background
Before discussing the details of the performance analysis of high suction pumps, a review of

the pertinent pump parameters is necessary. Because of the many different flow rates, rotor speed,
operating pressures, and pump geometries, it is useful to discuss the pump performance using
non-dimensional numbers so that comparisons can be easily made between the various pumping
scenarios. The first parameter to note is the flow coefficient, φ , shown in equation 1.1. ṁinlet is the
inlet mass flow rate, ρ is the liquid density, ALE is the cross-sectional area of the pump at the blade
leading edge, and Utip is the blade tip speed. Often times φ is simply expressed as the ratio of the
mean inlet meridional velocity to the blade tip speed (φ = Cm /Utip ).

φ=

ṁinlet
ρALE Utip

(1.1)

The head produced by the inducer is called the head coefficient, ψ. Equation 1.2 shows the
head coefficient, which is the difference in total pressure downstream of the inducer (P02 ) and the
total pressure upstream of the inducer (P00 ) normalized by a variation of the kinetic energy of the
fluid at the blade tip. In some occasions, the head coefficient uses the static pressure downstream
instead of the total pressure. When this is the case, the head coefficient is written as ψts , where the
subscript ts means total to static pressure difference.

ψ=

P02 − P00
2
ρUtip

(1.2)

A pump performance curve plots the single phase head coefficient versus the inlet flow
coefficient. Single phase refers to an operating condition of a pump where the pressures in the
domain are sufficiently high so that cavitation is not produced at any location within the pump.
Examples of two performance curves are illustrated in Fig. 1.2. The black curve represents a pump
that is stable over the entire range of flow coefficients. The gray curve depicts a pump that has a
range of flow coefficients where the pump will not operate stably. Generally, the head will increase
with decreasing flow coefficient. As the flow rate decreases, the load on the blade increases, thus
increasing the head produced by the pump. If the load on the pump becomes too large, the pump
will stall and the slope of the performance curve becomes positive. The region of positive slope on
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Figure 1.2: An illustration of two typical performance curves showing the head coefficient as a
function of the inlet flow coefficient for a pump operating without cavitation. The black curve
represents a pump that will operate stably over the entire range of φ and the gray curve represents
a pump that will have unstable operation at lower φ , where the slope of the performance curve is
positive.

the performance curve is inherently unstable. In this region, a differential increase in the flow rate
through the pump increases the head rise in the pump, which in turn increases the momentum of
the fluid and the flow rate is increased further. When this occurs, the pump will surge with large
oscillations in the flow rate and pressure levels within the pump.
The incidence angle, i, is a measure of the blade loading. It is defined as the difference
between the blade angle, βb , and the flow angle at the leading edge, β . In purely axial flows
there is no tangential velocity upstream of the inducer and the flow angle is simply the arctangent
of the flow coefficient. The incidence angle is critical to the design of high suction performance
pumps. At large incidence angles significant secondary flows such as backflow can lead to unstable
pumping conditions even without the presence of cavitation in the pump [6]. Likewise, an unloaded
blade or an incidence angle near zero is also undesirable because cavitation can develop on both
the pressure and suction side of the blade decreasing the suction performance of the pump. Typical
design incidence angles for high suction pumps are in the range of 2 − 4◦ [3]. Perhaps a more
universal design criteria is based on γ, which is the incidence normalized by the inlet blade angle.
A typical design value for an inducer is γ ≈ 0.45 [1].
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The suction performance of an inducer refers to its ability to operate with a low suction
head. An improvement in suction performance means that an inducer is able to operate at a lower
suction head than before. Two common parameters that describe the inlet suction head of the
inducer are the cavitation number, σ , and the suction specific speed, Nss . These two parameters
are shown in equations 1.3 and 1.4, and the new variables are the fluid vapor pressure, Pv , and the
inducer angular velocity, ω. The cavitation number is inversely related to suction specific speed
and either parameter can easily be solved for if the other is known.

σ=

P00 − Pv
2
0.5ρUtip

ω
Nss =

p
ṁinlet /ρ

((P00 − Pv )/ρ)0.75

(1.3)

(1.4)

A cavitation performance curve plots the head coefficient versus either the cavitation number or the suction specific speed at a constant flow coefficient. Examples of cavitation performance
curves are given in Fig. 1.3 where the top figure shows the head coefficient versus cavitation number and the bottom figure shows the head coefficient versus suction specific speed. Typically, the
inducer will operate at a constant ψ with decreasing σ (or increasing Nss ) for the majority of the
curve. Once cavitation growth on the blades starts to decrease the pump efficiency, a sudden drop in
the head coefficient is observed over a small range of operating inlet pressures. This phenomenon
is known as cavitation breakdown or just ”breakdown”. In industrial applications an acceptable
drop in head coefficient for high suction performance pumps is 3% of the single phase value [3].
However, in some applications as large as a 50% drop in head is common. This is particularly true
if another pumping stage follows immediately after the inducer. Because the scope of this work
only analyzes the performance of an inducer and not the complete stage, cavitation performance
curves are analyzed at operating points where the head coefficient has dropped as much as 50% of
the single phase value.
Improvements to the suction performance of inducers have been made throughout the years.
The theoretical maximum suction performance an inducer can achieve is known as the Brumfield
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Figure 1.3: Illustrations of typical cavitation performance curves. Top: An illustration of a typical
cavitation performance curve showing the head coefficient versus cavitation number at a constant
flow coefficient. Bottom: An illustration of a typical cavitation performance curve showing the
head coefficient versus suction specific speed at a constant flow coefficient.

criterion [7]. This criterion is shown in equation 1.5, where the maximum suction specific speed is
only a function of the operating flow coefficient.

Nss


max

1.3 1 − 2φ 2
=

φ

0.75
(1.5)

Figure 1.4 shows a plot of the Brumfield criterion, where Nss is provided as a function of
φ . The maximum suction specific speed increases with decreasing flow coefficient, particularly
for φ < 0.1. This has driven the design of high suction performance pumps to operate at lower
flow coefficients. The Brumfield criterion was not developed with idealized assumptions such as
infinitely thin blades. This means that a well designed inducer is actually capable of operating at
suction specific speeds above the Brumfield criterion [7].
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Figure 1.4: The Brumfield criterion shows the maximum suction specific speed as a function of
flow coefficient.
1.2

Cavitation Instabilities
Cavitation is a major concern in the design of pumps. Most often a pump is designed for

a set of operating conditions with sufficient inlet head so that cavitation does not develop within
the pump. In certain applications, pumps are required to operate at very low inlet head conditions
and cavitation is inevitable. Just the presence of cavitation on the rotor blade can cause significant
surface damage to the pump and over time can lead to structural failure. While this is a concern
for the life of a pump, significant cavitation instabilities generated within the flow can lead to large
oscillations in rotordynamic forces capable of causing a system failure.
Typically, cavitation inception occurs at the inducer leading edge at the blade tip. The exact
inception point often corresponds to the low pressure center of a vortex located at the blade tip that
is referred to as the blade tip vortex. This is illustrated in Fig. 1.5, which shows the moment
of cavitation inception for an inducer. The cavitation is illustrated with an iso-surface of vapor
fraction equal to 0.1 (blue regions), where the iso-surface depicts a volume in the domain where
the fluid contains at least 10% cavitation by volume. The black lines show the core position of
the blade tip vortex. The amount of cavitation then increases within the domain with decreasing
pressure.
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Figure 1.5: An iso-surface of vapor fraction equal to 0.1 shows the location of cavitation inception
for an inducer. Lines are also shown to depict the center location of the tip vortex that exists.

A sequence of images in Fig. 1.6 depicts the cavitation growth for the same inducer shown
previously in Fig. 1.5 at four different cavitation numbers: σ = 0.110, σ = 0.041, σ = 0.024, and
σ = 0.021. At higher cavitation numbers, only a small amount of cavitation is present at the blade
tip, as seen in the top left image of Fig. 1.6. The cavity tends to follow the tip vortex core that
was shown in Fig. 1.5. As the inlet pressure is dropped lower, the cavity extends further along the
blade near the blade tip. Eventually, most of the blade surface appears to be covered by cavitation,
similar to the bottom left image in Fig. 1.6 and the performance of the inducer will begin to decline.
Complete breakdown occurs when the slope of the cavitation breakdown curve becomes vertical.
When this occurs, the blade is generally completely covered with cavitation from the blade leading
edge to the trailing edge and the blade hub to tip (bottom right of Fig. 1.6).
Throughout a breakdown curve, the various cavitation patterns that form on the inducer
blade can be stable or transient. Stable formations exhibit a nominally symmetric cavity on each of
the blades that is constant with time. Inducers that are designed well are capable of operating with
a large amount of the blade covered with stable cavitation and still maintain a sufficient head rise
in the pump. Transient cavitation patterns oscillate in time and can develop asymmetric cavities
8

σ = 0.110

σ = 0.041

σ = 0.024

σ = 0.021

Figure 1.6: Cavitation growth for an inducer with decreasing cavitation number, σ , at a constant
flow coefficient, φ = 0.07 is shown. The blue surfaces are iso-surface of vapor fraction equal to 0.1
showing where cavitation is present in the domain at four different cavitation numbers: σ = 0.110,
σ = 0.041, σ = 0.024, and σ = 0.021.
where one blade will have a longer cavity length than the rest of the blades in the pump. This leads
to large oscillating rotordynamic forces on the blade and unstable pumping conditions, which can
lead to pump failure at cavitation numbers higher than where cavitation breakdown occurs. Two
significant transient cavitation events that can occur within a pump are rotating cavitation and
cavitation surge.
Rotating cavitation is an asymmetric cavitation pattern that rotates from blade to blade. The
rate of rotation of the instability has been observed at both sub-synchronous and super-synchronous
frequencies, though super-synchronous frequencies are more common [8]. The typical frequency
is nominally between 10% and 20% faster than the blade rotation frequency [2]. The 65% rule is
often used to describe when the onset of rotating cavitation will occur in a breakdown curve [9]. It
states that the blade cavity length becomes unstable once the cavity has extended along the blade
a distance of 65% of the blade to blade spacing. The blade to blade spacing is simply 2πRt /N,
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where Rt is the blade tip radius and N is the number of blades. The cavity extends along the blade
and when its length reaches approximately 65% of the blade to blade spacing it is expected that
rotating cavitation will occur. The reason rotating cavitation occurs is because a large vapor cavity
on one blade in a cascade affects the inlet flow into the trailing blade in the cascade. While the
65% rule is often cited, a later publication stated that the cavities became unstable in the range of
65-90% of the blade to blade spacing [10].
Another onset condition, shown in equation 1.6, has been developed using a two-dimensional
stability analysis by Tsujimoto [11]. This onset condition is in terms of the mass flow gain factor,
M = ∂V f /∂ i, and the cavitation compliance, K = −∂V f /∂ σ , where V f is the normalized cavitation
volume. These two parameters were first suggested to be closely related to cavitation instabilities
in inducers in 1976 [12]. Generally, the mass flow gain factor is positive. This means that if the
inlet flow rate into the pump increases, the cavity volume decreases and further increases the flow
rate to fill up the volume vacated by the collapsing vapor cavity. This positive feedback leads to an
unstable system. The cavitation compliance is also generally always positive. This is because the
vapor cavity increases with a decreasing operating pressure. A positive cavitation compliance acts
as a stabilizing factor in the pumping system.

M ≥ 2(1 + σ )φ K

(1.6)

Others believe that the tip vortex previously shown in Fig. 1.5 plays a significant role in
the generation of rotating cavitation [1, 13, 14]. A more recent study disputed the influence of the
tip vortex showing that no correlation was found between the occurrence of rotating cavitation and
the position of the tip vortex [15]. While the exact role that the tip vortex plays in the generation
of rotating cavitation is disputed, it is generally accepted that rotating cavitation occurs when the
inlet flow conditions are affected by cavitation on the previous blade in the cascade. Backflow is
commonly found at the inducer leading edge, even at the design operating point. It is the most
important secondary flow that occurs within inducers [2]. Figure 1.7 shows an axial velocity scalar
plot for an inducer operating at its design flow coefficient. Backflow is located at the inducer blade
tip and extends upstream from the leading edge about the distance of one half of the blade diameter.
Cavitation generated at the inducer blade tip is pulled upstream by the backflow.
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Figure 1.7: Axial velocity contour plot at a cross-section through the center of an inducer operating
at the design flow coefficient and a cavitation number of σ = 0.041.

Figure 1.8 shows a scalar plot of the vapor fraction of the same scenario shown in Fig.
1.7. The backflow stretches upstream from the inducer blade tip with the cavitation stretching the
farthest upstream near the shroud where the backflow has the highest magnitude. If the cavity
is stretched far enough upstream from the leading edge, rotating cavitation occurs because of the
interaction between the cavity and fluid entering the trailing blade.
The severity of rotating cavitation largely depends on the extent of cavity size variation
from blade to blade. Asymmetric cavity patterns on the blade generate large radial forces on the
inducer blade and the radial load oscillates in time as the cavity rotates. The large forces associated
with rotating cavitation can ultimately lead to unstable pumping conditions and possibly even
structural failure. An example of rather extreme rotating cavitation can be seen in Fig. 1.9. An isosurface of volume fraction equal to 0.1 shows that the cavitation pattern differs greatly from blade
to blade. All forms of rotating cavitation are undesirable however, a pump is still able to operate
stably if the variation from blade to blade is small (much smaller than the example shown in Fig.
1.9). Alternate blade cavitation is a particular case of rotating cavitation that can occur in inducers
with an even number of blades. It is the special case where the cavity length will alternate long
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Figure 1.8: Vapor fraction contour plot at a cross-section through the center of an inducer operating
at the design flow coefficient and a cavitation number of σ = 0.041.

Figure 1.9: An iso-surface of volume fraction equal to 0.1 shown for an inducer operating with
rotating cavitation.
12

and short from blade to blade and the inducer can have a symmetric and stable cavity formation on
the blades.
Surge and cavitation surge are one-dimensional system instabilities that are also detrimental
to pump performance. Recall from Fig. 1.2 that if a pump is operating with a positive slope on
the performance curve the entire system is prone to surge. This surge event generally occurs when
an inducer is operating far below the design flow coefficient [11]. The onset condition for surge
was derived by a one-dimensional analysis of an impeller with a discharge into a constant pressure
tank with volume V through a valve with resistance R f . This surge event requires that the system
has a level of compliance within the system. Without compliance, this surge event can never be
generated. The compliance in this one-dimensional analysis comes from the discharge volume
where the compliance is defined as c = V /(ρa2 ALE ) and a is the speed of sound. The onset
condition for surge is shown in equation 1.7 where β ? is the average blade angle, l is the chord
p
length, L is the inlet conduit length, and B is the Greitzer’s B factor defined as B = ρc/LUtip .
1 + (1/ cos β ? )(l/L)
ψts >

B2 φ R f

(1.7)

Cavitation surge can occur even at the design flow coefficient. The growth and collapse of
cavitation provides the compliance in this surge event. Analysis of a pump system yields the onset
condition for cavitation surge is the same as that shown in equation 1.6 [11]. Cavitation surge is
a major concern in turbopumps and can lead to a very destructive dynamic event known as Pogo,
named because the vibrations of the system behave as a bouncing pogo stick [16]. Strong axial
oscillations are generated by cavitation surge, producing a variable flow rate and pressure levels in
the system that can be self-excited. Limiting or controlling cavitation surge is a critical element to
the design of high performance inducers.
This section has provided a brief review of cavitation and a few of the major instabilities
that can lead to a significant drop pump performance or even pump failure. These instabilities and
many more higher order instability modes have been studied in detail. A review of inducer design
and methods taken to limit the generation of cavitation instabilities in high suction performance
inducers are summarized in the next section.
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1.3

Inducer Design
Designing an inducer that is capable of good performance while significant cavitation per-

sists requires detailed engineering. This section will focus mainly on published work that describes
how changes in inducer blade geometry and casing can effect the suction performance of the pump,
although a few topics of inducer design such as the inlet blade angle will be addressed. The suction
performance of an inducer is highly sensitive to design parameters such as: blade solidity, blade tip
clearance, blade sweep, inlet blade angle, inlet hub to tip ratio, blade number, blade turning angle,
and blade thickness [3].
Each of these design characteristics can be optimized in order to delay the generation of
cavitation instabilities and breakdown to lower cavitation numbers. For instance, designing an
inducer with a blade sweep has shown to shorten the cavity length along the blade [4, 17]. This
allows an inducer to operate at lower cavitation numbers before the cavity length will reach 65% of
the blade to blade spacing and rotating cavitation develops. The blade tip clearance has also been
shown to have a significant effect on the cavitation performance of inducers. Torre et al. showed
that a low tip clearance delays cavitation breakdown to lower cavitation numbers [18]. Torre et al.
also observed that the small tip clearance geometry experienced a drop in head coefficient prior to
breakdown that corresponded to a range of cavitation numbers where rotating cavitation could be
observed.
It is common to see inducers designed for industrial applications that have between two and
four blades [3]. A comparison between three- and four-bladed inducers demonstrated very similar
overall performance at both on- and off-design flow coefficients, however, head breakdown was
delayed to a lower cavitation number for the three-bladed inducer [19]. This is likely because of
the increased throat area and the reduction in blade blockage. Formerly, three-bladed inducers were
more often used in industrial applications but recent four-bladed inducers have become preferred
because three-bladed inducers are more susceptible to an asymmetric cavity formulation on the
blades.
Solidity is another important design parameter that is defined as the blade chord length
divided by the blade to blade spacing. Acosta demonstrated that increasing the solidity of an
inducer allowed an inducer to operate with a higher head coefficient at low cavitation numbers,
however, the onset of cavitation instabilities appeared to be nominally the same regardless of the
14

solidity [20]. An inducer with a longer solidity is more vulnerable to rotordynamic forces produced
by the dynamic flow conditions. Thus, the solidity of an inducer should be long enough to achieve
the desired head performance and short enough to maintain structural robustness [2].
The above approaches and others have shown improvements in suction performance near
the design flow coefficient. Significant cavitation instabilities still develop even in the best designed
inducer if operated at flow coefficients far below the design point. It is desirable to operate high
suction performance pumps at very low flow coefficients in order to maximize suction performance
(see Fig. 1.4). A design model by Japikse known as Two Elements In Series, or the TEIS model,
is useful to explain the important role of the inducer inlet blade angle [21]. In this model, the inlet
of the inducer is modeled as a diffuser. The area ratio for a typical diffuser is the ratio of the exit
area to the inlet area. Figure 1.10 illustrates the inlet of the inducer as a diffuser. The area ratio in
this case is the ratio of the throat area to the inlet of the imaginary diffuser upstream. These areas

Figure 1.10: Illustration of the inlet flow area for an inducer with the velocity triangle for the inlet
conditions shown.
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can be calculated as the sine of the blade angle (βb ) and the flow angle (β ) respectively, making
the area ratio a function of the blade angle and the flow angle as shown in equation 1.8.

AR =

sin βb
sin β

(1.8)

The pressure recovery of the inlet diffuser is shown in equation 1.9, where ηa is the diffuser
effectiveness and is typically between 0.5 and 0.85.


1
c p = ηa 1 − 2
AR

(1.9)

It has been well established that inducer inlet diffusers that operate with a pressure recovery
greater than nominally 0.56 will experience backflow at the blade tip [22, 23]. Figure 1.11 shows
CFD simulation results for an inducer flow, with the extent of backflow penetration for an inducer
operating at two flow coefficients. The top image corresponds to the design flow coefficient, φ =
0.07, which operates with a pressure recovery of c p = 0.57 and the bottom image corresponds to a
much lower flow coefficient where the pressure recovery is c p = 0.75. At c p = 0.57, the backflow
is minimal and does not adversely affect the overall flow. However, at the lower flow coefficient
(c p = 0.75), backflow penetrates more than six blade diameters upstream of the inducer. This
creates conditions that are susceptible to significant cavitation instabilities that can lead to pump
failure.

Figure 1.11: Backflow penetration is shown for an inducer operating at two different flow coefficients. Top: The design flow coefficient with a pressure recovery near c p = 0.57 and Bottom:
Operating at 60% of the design flow coefficient produce a pressure recovery near c p = 0.75.
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Figure 1.12 shows a map created by Oliphant that relates the inlet pressure recovery, flow
coefficient, incidence angle, and the inducer blade angle [1]. In order to generate this plot, the
diffuser effectiveness was assumed to be 0.85. The plot shows the inlet pressure recovery as a
function of flow coefficient with lines of constant blade angle and constant incidence angle shown.
At low flow coefficients, where the highest suction performance is achieved, small blade angles and
small incidence angles are required to operate without backflow present at the blade tip. The inlet
pressure recovery is also very sensitive to small changes in the flow coefficient, meaning that small
blade angles have a narrow range of acceptable flow coefficients that will not produce significant
backflow and accompanying severe cavitation instabilities.
Small inlet blade angles are required in order to design a high suction performance inducer,
however small inlet blade angles also have a decreased throat area (refer to Fig. 1.10), making the
blade passage more susceptible to cavitation blockage. To compensate for the smaller throat area,
inducer blades are made thinner, because even small changes in the area can have a huge impact
on the cavitation performance of the inducer [1]. However, blades need to remain sufficiently
thick to withstand the centrifugal and pressure forces that can occur under cavitating conditions
and unsteady operation of the inducer. The design trade off between thinner blades and blades
that are more structurally robust leads to a typical design flow coefficient of φ ≈ 0.07 for high

Figure 1.12: A map of inducer inlet pressure recovery versus flow coefficient with lines of constant
blade angles and constant incidence angles shown [1].
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suction performance inducers and an inlet blade angle near 7◦ . Inducers with larger blade angles
have a much larger throat area, which allows for thicker more robust blades, however, significant
backflow (similar to the bottom image in Fig. 1.11) develops when these inducers are operated at
the low flow coefficients required for high suction performance inducer.
Some design techniques have been developed to limit or control backflow at low flow coefficients. These design techniques employ modifications to the inducer casing. A backflow deflector
was previously developed to limit how far upstream backflow could penetrate [24]. Other casing
modifications have shown to contain backflow to a small groove in the shroud near the blade leading edge and limit some cavitation instabilities, but only near the design flow coefficient [14, 25].
The stability control device is not the first inlet bleed system that has been used. In fact,
one of the first known inducers employed a bleed slot and recirculation channel back in the 1940s
[20]. Using the best available information, Sloteman et al. reverse engineered the early inducer
to better understand the influence of the backflow device. It was shown that the backflow device
significantly stabilized the flow field in the pump and the pump would have likely failed without
it [26]. In the 1980s, a backflow recirculation device was developed by Cooper and Dussourd
[27, 28]. Experimental tests demonstrated that implementing this device would allow inducers to
operate stably from flow coefficients ranging from the best efficiency point down to the point of
shut off [29].
More recently, Japikse patented a stability control device in 2004 [30]. The main difference
between an SCD and the backflow recirculation device is the radial diffuser found in the SCD right
after the SCD bleed slot. Japikse and Baun experimentally investigated four different inducers
with and without an SCD and it was observed that the implementation of an SCD suppressed all
cavitation instabilities in each of the inducers over the entire operating range of a turbopump [4].
Oliphant further investigated the effects of an SCD showing that the performance of an inducer
with an SCD is sensitive to the axial positioning of the bleed slot of the SCD [5]. Through an
advanced optimization technique that he developed, Oliphant designed and tested an inducer that
employed an SCD capable of running stably at φ = 0.04 and achieving an Nss of 27.4 at a 3% head
drop off and an Nss of 40.2 at 6% head drop off with no indication of cavitation instabilities. To put
these suction specific speeds into perspective, the Brumfield criterion at φ = 0.04 is Nss = 32.4.
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Perhaps the most important stabilizing effect of the SCD is its ability to suppress backflow
at the leading edge of the inducer [31]. In between the SCD re-injection and bleed slots (Fig. 1.1)
there is a local increase in mass flow rate, which decreases the incidence on the inducer blade.
This allows an inducer to operate at a flow coefficient far below the design flow coefficient but still
maintain the flow physics at the leading edge that are similar to the design point. Thus, an inducer
is able to operate at very low flow coefficients without the presence of backflow, which allows for
the increased range of operational stability that was observed in inducers that employ inlet bleed
cover systems [29, 31]. Further, it is expected that inducers with larger inlet blade angles, which
previously would operate with significant backflow at the low flow coefficients where high suction
performance pumps are required to operate, can operate stably without backflow at very low flow
coefficients if an SCD is employed. This opens up the design space for high suction performance
pumps significantly to include larger inlet blade angles.

1.4

Contributions from the Present Work
Previous results for inducers that implement an inlet cover bleed treatment have been

promising. Employing the SCD has shown that cavitation instabilities can be avoided and the
suction performance can be improved to the theoretical maximum value. While there has been
substantial experimental work done to explore the effectiveness of inducers that employ an SCD,
very little computational fluid dynamic (CFD) simulations have been performed, although CFD
is an essential tool in the design of modern inducers [3]. The work presented in this dissertation
contains the first time-accurate CFD results that will represent a major contribution to the current
state of understanding of an inducer operating with an SCD.
Exhaustive CFD simulations were conducted to explore the new design space that exists
when an SCD is employed. The following is a list of the scenarios explored.
1. The impact of an SCD on a 7◦ inducer operating at both the design and off-design flow
coefficients.
2. Inducers with inlet blade angles of 7◦ , 9◦ , 11◦ , and 14◦ that employ an SCD were analyzed
at φ = 0.07 to compare how changes in the inlet blade angle effect the flow through the SCD
as well as the cavitation performance of the pump.
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3. Modifications to the SCD geometry such as removing swirl from the fluid in the SCD, decreasing the mass flow rate through the SCD, and changing the width of the SCD bleed
slot.
Through the investigation of these scenarios, a better understanding of the benefits and
operational limits of an inducer that employs an SCD are gained. Some guidelines are presented
for optimizing the design of an inducer and SCD geometry to take full advantage of the possible
benefits when an SCD is employed.

1.5

Dissertation Organization
This dissertation is a compilation of stand-alone chapters that are or will be published in-

dividually. Therefore, most of the subsequent chapters will contain an introduction, a literature
review, a methods section, and a discussion of the results. Chapter 2 is a global methodology
chapter that discusses the work from each of the following chapters. The performance of a 7◦ inducer is analyzed with and without an SCD at both on- and off-design flow coefficients is analyzed
in Chapter 3. Chapter 4 explores the influence of variations of the inlet blade angle on the flow
through the SCD channel. Chapter 5 then explores how variations in the SCD geometry affect
the suction performance and stability on an inducer. In some geometries, cavitation instabilities
were observed in inducers that operate with an SCD. These cavitation instabilities are explored in
Chapter 6.
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CHAPTER 2.

METHODOLOGY

Computational fluid dynamics (CFD) is employed to investigate the performance of various
inducer and SCD geometries. Time-accurate, multiphase simulations are solved with the commercial software package Star-CCM+ version 8.02.008. Turbulence is modeled with the Realizable
Two-Layer K-ε model. This model applies wall functions to model the boundary layer within the
viscous sublayer if the wall y+ is larger than 30. The Reynolds Averaged Navier-Stokes (RANS)
equations are solved with a segregated solver using a 2nd-order upwind scheme.
The performance of the inducers are explored with and without the presence of cavitation.
Scenarios without cavitation are referred to as the single phase regime. These simulations are
solved in one of two ways: 1) a steady, single phase solver is employed or 2) a time-accurate,
multiphase solver is employed with a prescribed back pressure sufficiently high such that cavitation
does not develop within the domain.
An Eulerian multiphase solver is employed to model cavitation in the multiphase simulations. The Volume of Fluid approach is employed and it solves the standard single phase set
of governing equations with equivalent fluid properties based on the volume fraction of vapor in
each control volume. Individual cavitation bubbles are not modeled in this approach. The basic
Rayleigh-Plesset formulation is employed to model the bubble cavitation growth [32]. The working fluid for the simulations is water, with a vapor pressure of 3170 Pa and a density of 998.2
kg/m3 , which corresponds to water at 25◦ C.
The multiphase simulations are conducted to generate breakdown curves for the geometries that are explored. Starting from the single phase solution, the pressure within the pump is
lowered to explore different cavitation numbers. The performance of the inducer such as the head
rise through the machine, the rotor torque, and rotordynamic forces are all analyzed at different
cavitation numbers to determine the cavitation performance of an inducer with an SCD. The cavitation number continues to be lowered until significant cavitation growth on the blades leads to a
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significant decrease in the head coefficient produced by the inducer or large cavitation instabilities
create unstable operating conditions within the pump.
Simulations are investigated in a rotating reference frame that rotates at 6,000 revolutions a
minute, the same speed as the inducer. The shroud boundary conditions are set to stationary in the
absolute frame, while the rotor is set to stationary in the rotating reference frame. A mass flow inlet
boundary condition is used to specify the inlet flow coefficient. A constant rotor speed is used for
all flow coefficients explored, only the inlet mass flow rate is changed to vary the flow coefficient.
The outlet boundary condition is a specified static pressure. The cavitation number is indirectly
specified by this boundary condition, as the simulation solves for the inlet pressure based on the
specified outlet pressure and inlet mass flow rate.

2.1

Geometries and Meshes
Four different inducer geometries are explored in this study. The baseline inducer has an

inlet blade angle of 7◦ and is designed to operate at φ = 0.07. The blade solidity, leading edge
sweep, the blade tip clearance, and the hub to shroud ratios for all of the other inducers are the
same as the 7◦ inducer. The main difference between each of the inducer geometries is the inlet
blade angle. Inlet blade angles of 9◦ , 11◦ , and 14◦ are explored in addition to the 7◦ inducer. Each
of the inducer geometries explored are shown in Fig. 2.1.
Multiple SCD geometries are considered as well. The first modification to the SCD geometry is the SCD bleed slot width. Three different bleed slot widths are analyzed including 2.7 mm,
4.1 mm, and 12.8 mm, and they will be referred to as SCD2, SCD3, and SCD5 respectively. Figure
2.2 shows cross-sections of the SCD2e (top), SCD3 (middle), and SCD5ds (bottom) geometries.
Comparing the three images, it is easy to see the differences in the width of each of the bleed slots.
The SCD3 channel is also slightly longer than both the SCD2 and SCD5 geometries. All of the
images in Fig. 2.1 show the smallest SCD bleed slot geometry (SCD2).
The second modification to the SCD geometry is an increased resistance in the SCD channel to lower the mass flow rate through the SCD. There are two methods employed to add the
resistance in the SCD: 1) a physical blockage is added in the SCD channel similar to the top image
in Fig. 2.2; or 2) a portion of the SCD channel is defined as a porous region where the resistance
through the SCD channel can be adjusted by changing the porous resistance coefficients in the
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βb = 7◦

βb = 9◦

βb = 11◦

βb = 14◦

Figure 2.1: The four different inducer blades explored with an SCD with similar blade characteristics with the major difference being the inlet blade angle, βb . Inlet blade angles include βb = 7◦
(top left), βb = 9◦ (top right), βb = 11◦ (bottom left), and βb = 14◦ (bottom right).
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SCD2e

SCD3

SCD5ds
Figure 2.2: Cross-sections of three of the SCD geometries are shown including: SCD2e (top),
SCD3 (middle), and SCD5 (bottom).
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porous region. The bottom image in Fig. 2.2 shows the SCD5 geometry with a porous region
in the SCD, where lines are drawn in the SCD channel depicting where the interfaces are located
between the porous and non-porous regions. The porous region method is preferred because the
resistance through the SCD can be adjusted without re-meshing the geometry. SCD geometries
that restrict the flow through the SCD are denoted a letter in the alphabet after the SCD geometry;
for example: SCD2e would be the smallest SCD bleed slot with a reduced mass flow rate through
the SCD.
Nearly all of the data analyzed in the following chapters will analyze only two different
SCD resistance values. The first SCD resistance case had no added resistance in the SCD. In this
scenario, the 7◦ inducer with SCD2 at φ = 0.07 yields an SCD mass flow gain of KSCD = 1.4 in
the single phase regime. The second SCD resistance scenario yields an SCD mass flow gain of
KSCD = 1.275 in the single phase regime for the same scenario (7◦ inducer at φ = 0.07). This
SCD mass flow gain is the minimum value that still completely suppresses backflow at the blade
leading edge. This second SCD resistance is labeled with the letter ’e’. The resistance in the SCD
is modified for the SCD5 and SCD5e scenarios (also with the 7◦ inducer) so that the single phase
values of KSCD are the same as the SCD2 and SCD2e scenarios respectively.
Removing the tangential velocity in the fluid passing through the SCD is also considered.
This is achieved by creating a porous region in the SCD geometry and increasing the resistance
in the tangential direction. SCD geometries that remove the swirl are named with the letters ”ds”,
e.g., SCD5ds is the SCD5 geometry that removes the swirl from the fluid passing through the SCD
channel. Combinations of removing swirl and restricting the flow rate through the SCD were also
considered and are denoted by ”dse”. A summary of all of the SCD geometries explored in this
paper is given in table 2.1. The center of the bleed slot remains the same for every SCD and inducer
geometry; it is positioned 90% of the axial length of the blade throat passage downstream from the
blade leading edge.
All of the meshes are generated in Star-CCM+. The polyhedral mesh sizes varied significantly depending on the SCD and inducer geometries. The smallest mesh consists of over 6
million cells while the largest mesh totals more than 13 million cells. The same base size mesh
characteristics are used for all meshes with local refinement near the inducer blades. The increased
axial length of the inducer and also the increased blade passage area for the larger inlet blade an25

Table 2.1: A summary of all of the SCD geometries that are explored in this paper.
SCD Name
SCD2
SCD2e
SCD2ds
SCD2dse
SCD3
SCD5
SCD5e

Bleed Slot Width, mm
2.7
2.7
2.7
2.7
4.1
12.8
12.8

Decreased ṁSCD
No
Yes
No
Yes
No
No
Yes

Removed Cθ
No
No
Yes
Yes
No
No
No

gle inducers significantly increases the number of cells within the mesh. Prism layers are used to
better capture the boundary layer at the shroud wall and on the inducer blades. The average wall
y+ for each geometry is nominally 10. The mesh for the 7◦ inducer with the SCD5 geometry is
shown in Fig. 2.3. The mesh is displayed on a cross-section through the inducer as well as on the
inducer surface. A close up of the mesh on the blade surface in the bottom image shows the prism
layers along both the blade and wall surfaces and clearly shows that the inducer blade surface is
well resolved.

Figure 2.3: The mesh of the 7◦ inducer with the SCD5 geometry displayed on a cross-section
through the pump and on the inducer surface. A large section of the mesh is shown (top), and a
close up of the refined mesh near the inducer blade is shown (bottom).
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Various flow coefficients are explored in this study in both single phase and multiphase
simulations. A summary of all of the geometries and all of the flow coefficients explored in both
the single phase and multiphase regimes is included in Appendix A.

2.2

Time and Grid Independence
A time dependence study was performed for the 7◦ inducer with SCD2 at φ = 0.07 and

σ ≈ 0.017. Time steps of 1.2 × 10−4 seconds, 2.8 × 10−5 seconds, and 1.4 × 10−5 seconds were
all considered. In table 2.2, the differences in the cavitation number, head coefficient, and the SCD
mass flow gain for converged solutions are shown. There is little difference between the time averaged values. Even though the time averaged machine performance parameters were approximated
reasonably well by the larger time steps, a mass imbalance as large as 10% of the inlet mass flow
rate was common for the largest time step, particularly at low cavitation numbers where a significant portion of the inducer blade was covered with cavitation. Refining the time step reduced the
mass flow error. A time step of 1.4 × 10−5 seconds was selected because the mass flow error was
less that 0.5% throughout the breakdown curve. A grid dependence study was also performance on
the 7◦ inducer with SCD2 at φ = 0.042 and σ ≈ 0.012. The mesh size was doubled from 6 million
cells to 12 million cells. The difference in all of the machine performance monitors was less than
0.5% and it was determined that the original mesh was sufficiently refined.

Table 2.2: Comparison of important monitors for converged solutions with varying time steps for
the 7◦ inducer with the SCD2 geometry at φ = 0.07 and σ ≈ 0.022. Percent changes in the
monitors are calculated from the 1.4 × 10−5 seconds time step.
Time Step (seconds)
σ
ψ
KSCD
1.2 × 10−4
-1.93% -0.26% -1.8%
2.8 × 10−5
-1.34% -0.74% -1.5%
−5
1.4 × 10
0.022
0.27
1.11
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2.3

Validation
Test data obtained by Concepts NREC was used to validate the CFD results. Five different

scenarios were explored experimentally: 1) the 7◦ inducer without the SCD at φ = 0.07, 2) the 7◦
inducer without the SCD at φ = 0.042, 3) the 7◦ inducer with SCD2 at φ = 0.07, 4) the 7◦ inducer
with SCD2 at φ = 0.042, and 5) the 9◦ inducer with SCD2 at φ = 0.07. Figure 2.4 shows cavitation
breakdown curves, which plot the normalized head coefficient versus cavitation number, for both
the experimental and CFD data for the 7◦ inducer without an SCD at φ = 0.07 and φ = 0.042 (top),
the 7◦ inducer with SCD2 at φ = 0.07 and φ = 0.042 (middle), and the 9◦ inducer with SCD2 at
φ = 0.07 (bottom). The CFD breakdown curves are in very good agreement with the experimental
data in each of the five comparisons.
The largest discrepancy between the CFD and experimental data is observed in the 7◦
inducer with SCD2 at φ = 0.07. The initial drop in head for the CFD curve occurs at σ ≈ 0.023
compared to σ ≈ 0.03 for the experimental data. A 30% drop in head is observed at σ ≈ 0.022 and
σ ≈ 0.025 respectively. At φ = 0.042, the initial drop in head for the CFD results also occurs at
a lower cavitation number (σ ≈ 0.015) compared to the experimental data (σ ≈ 0.018). At lower
cavitation numbers, the CFD results maintain a constant shift in the cavitation number compared
to the experimental data.
The best agreement between the CFD and experimental breakdown curves is observed in
the 9◦ inducer with SCD2 at φ = 0.07. The CFD results are all within the scatter of the experimental data. The scatter in the experimental data was due to cavitation instabilities that occurred during
testing. For the 7◦ inducer without the SCD at φ = 0.07, the difference in cavitation number was
less than 0.001 between the CFD and experimental data where the inducer reached a 20% drop in
the single phase head. At φ = 0.042, a 30% drop in head is observed at σ ≈ 0.013 in both the
CFD and experimental breakdown curves. For the range 0.02 > σ > 0.05, the normalized head
coefficient for the CFD results is nominally 20% lower than the experimental curve. Significant
cavitation instabilities in the CFD results resulted in a loss in head. Increased scatter in the experimental data over the same range of cavitation numbers suggests that the cavitation instability did
occur in that range, however, the instability had a smaller effect on the head coefficient.
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7◦ inducer without an SCD.

7◦ inducer with SCD2.

9◦ inducer with SCD2.
Figure 2.4: Cavitation breakdown curves comparing the experimental data and CFD results for the
7◦ inducer at φ = 0.07 and φ = 0.042 (top), the 7◦ inducer with SCD2 at φ = 0.07 and φ = 0.042
(middle), and the 9◦ inducer with SCD2 at φ = 0.07 (bottom).
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CHAPTER 3.
INCREASING INDUCER STABILITY AND SUCTION PERFORMANCE
WITH A STABILITY CONTROL DEVICE

This chapter is a paper to be submitted to the Journal of Fluids Engineering of the American Society of Engineers. The formatting of this paper has been modified to meet the stylistic
requirements of this dissertation.
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3.2

Abstract
Inducers are used as the first stage of high suction performance pumps. The inducer pres-

surizes the fluid to delay the onset of cavitation, which can adversely affect performance in a
centrifugal pump. The performance of a water pump inducer has been explored with and without
the implementation of a stability control device (SCD). The SCD is a recirculation channel that
removes high energy fluid near the blade leading edge and reintroduces the flow back upstream.
Multiphase, time-accurate computational fluid dynamic simulations have been conducted at the
design flow coefficient and at low, off-design flow coefficients to explore the suction performance
and stability for the same inducer with and without the implementation of the SCD. The stability
and suction performance of the inducer improved with the SCD. Without the SCD, the inducer developed backflow at the blade tip, which led to rotating cavitation and larger rotordynamic forces.
With the SCD, no significant cavitation instabilities developed and the rotordynamic forces remained small. The lack of cavitation instabilities also allowed the inducer to operate at lower inlet
pressures, increasing the suction performance of the inducer.
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3.3

Introduction
Extreme cavitating conditions that prevail when high speed pumps operate at low inlet

pressures adversely influence the dynamics of high suction performance pumps. For many years,
researchers have focused on improving the cavitation performance of pumps. New technologies
have been developed to improve suction performance and this continues to be an active area of
research. One technology developed to stabilize the cavitating flow within a pump is an inlet
front cover called a stability control device (SCD) [30]. Japikse and Baun showed than an SCD
suppressed cavitation instabilities and increased suction performance in certain cases [4]. Krise
showed that implementing an SCD can remove the region of backflow at the leading edge of a
flat plate inducer [31]. It is typical for backflow near the leading edge to play a significant role
in the cavitation instabilities that develop. At low, off-design flow coefficients, the backflow can
penetrate multiple blade diameters upstream of the leading edge of the inducer. The interaction
between the backflow and cavitation on the blade tip can lead to significant cavitation instabilities
that limit pump performance.
This chapter focuses on analyzing the stabilizing effect of the SCD on a high suction performance inducer operating at on and off-design flow coefficients. The performance of the inducer
with and without the implementation of the SCD is analyzed to explore the effects of the SCD
on the inducer performance. The present results represent the first time-accurate solutions of flow
through an inducer with an incorporated SCD device and provide results that describe significant
improvements in machine performance. These include enhanced stability and improved suction
performance when the inducer operates with the SCD. The implications of these results suggest
that implementing the SCD into the design of a high suction pump will allow for the design of
more reliable pumps with greater suction performance than is currently possible.

3.3.1

Background
Inducers are often employed as the first stage of high suction performance pumps to im-

prove the suction performance. The inducer increases the inlet pressure of the centrifugal pump
sufficiently so that cavitation does not adversely affect the performance inside the pump impeller
passage [2]. Inducers are designed to operate stably even with a large portion of the blade covered
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with cavitation. However, significant cavitation events can lead to unstable flow conditions accompanied by large rotordynamic forces, which can result in pump failure. Two of these significant
cavitation events are rotating cavitation and cavitation surge.
Cavitation inception often occurs in the tip vortex that is observed on the blade leading
edge. Previously it was shown that this vortex, which is influenced by the geometry of the inducer
leading edge and tip leakage, plays a role in the generation of significant cavitation instabilities
[1, 13, 14]. A recent study by Tani et al. showed that there was no correlation between the position
of the tip vortex and the occurrence of rotating cavitation [15]. In this chapter, the role that the tip
vortex plays in the generation of cavitation instabilities will be addressed.
Rotating cavitation occurs when cavitation on the blade leading edge affects the flow entering the following blade passage and an asymmetric cavitation pattern develops on the blades.
The asymmetric cavity rotates from blade to blade causing a periodically varying radial loading
that can lead to structural failure [33]. As the cavity formation rotates from blade to blade, there
is a tendency for the cavity to rotate into the blade passage, creating aerodynamic blockage and
decreasing the pump performance [34]. Alternate blade cavitation, which can occur in inducers
with an even number of blades, is the existence of similar cavity lengths on alternating blades in
the inducer.
Cavitation surge is the transient growth and collapse of the vapor cavity within the pump
at a single operating condition. The change in cavity volume acts as a mass source term, creating
temporal oscillations in the mass flow rate and pressure levels that lead to large unbalanced forces
in the pumping system. The large rotordynamic forces generated by both cavitation surge and
rotating cavitation can lead to structural pump failure [35]. Typically, these instabilities occur at
low cavitation numbers when a large portion of the inducer blade is covered by cavitation, where
the cavitation number is a non-dimensional number that measures the difference between the inlet
total pressure and the fluid vapor pressure. These instabilities can be accompanied by a drop
in machine performance as the cavitation extends farther along the blades, decreasing the rotor
efficiency. As the rotor efficiency decreases, the head coefficient, which is the normalized head
rise through the pump, decreases rapidly with only minor changes in the inlet pressure, an event
known as cavitation breakdown.
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The influence of the inducer blade geometry on cavitation performance has been studied in
detail in order to suppress cavitation instabilities. Cavitation that forms on an inducer blade with a
swept-back leading edge tends to be shorter than inducer blades that do not employ a swept-back
leading edge [17]. It has also been shown that rotating cavitation and alternate blade cavitation
generally develop once the cavity length on the blade has reached nominally 65% of the blade to
blade spacing [36]. Because the swept-back blade shortens the cavity length on the blades, the
onset of rotating or alternate blade cavitation is delayed to lower cavitation numbers. However,
it has also been observed that employing a swept-back leading edge can also result in a drop in
machine performance at higher cavitation numbers [4].
The blade tip clearance has also been shown to have a significant effect on the cavitation
performance of inducers. A smaller tip clearance delayed breakdown to lower cavitation numbers
[4, 18]. It has also been observed by Torre et al. that the small tip clearance geometry experienced
a drop in head coefficient prior to breakdown that corresponded to a range of cavitation numbers
where rotating cavitation could be observed.
Previous researchers have also studied how modifications to the pump casing can improve
the cavitation performance of an inducer. Kimura et al. studied the effects of the inlet casing
geometry on the flow and showed that the vortex structures at the leading edge of the blade proved
to be sensitive to slight modifications in the casing geometry [14]. An increase in the casing
diameter that extended from the leading edge of the inducer to a short distance upstream captured
the tip vortex and was effective in suppressing cavitation surge. Small axial grooves in the casing,
called J-grooves, were also shown to effectively improve the cavitation performance and decrease
cavitation instabilities [37]. Adding J-grooves to the casing was observed to reduce the amount
of backflow at the blade tip and their effectiveness increased with decreasing flow coefficient.
Kang studied the effect of a circumferential groove just downstream of the leading edge [25]. He
observed that the tip leakage vortex was trapped within the groove. As a result, rotating cavitation
and cavitation surge were suppressed by the existence of the circumferential groove, resulting
in increased stability at the design flow coefficient. However, near the design operational flow
coefficient only a slight improvement in the suction performance of the inducer was observed.
Mass injection techniques have also shown to decrease backflow at the blade leading edge and
increase stability [38, 39].
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All of the techniques reviewed above have been proven to delay the onset of significant
cavitation instabilities and improve the inducer suction performance, specifically at or very near the
design flow coefficient, where the flow coefficient, φ , is the normalized inlet flow rate. However,
significant deviation from the design flow coefficient creates extreme flow conditions that can still
lead to additional cavitation instabilities.
The suction performance of an inducer can be measured in a variety of ways. One method
previously defined in this chapter is the cavitation number where stable operation at a lower cavitation number would signify improved suction performance. Another parameter related to the
cavitation number is the net suction specific speed, Nss , which is a non-dimensional number relating the rotational speed of the rotor, the flow rate through the pump, and the available head
upstream of the pump. It is inversely related to cavitation number meaning that improving the
suction performance increases that maximum Nss before cavitation build up in the pump results in
a loss in performance. The theoretical optimum suction performance for an inducer is known as
the Brumfield criterion and is defined as Nss = 1.3(1 − 2φ 2 )0.75 /φ [7]. The Brumfield criterion
shows that the maximum inducer suction performance is only a function of the flow coefficient
and it increases rapidly with decreasing flow coefficients, thus driving high suction performance
pumps to be designed at lower flow coefficients.
High suction performance inducers are designed to operate with an incidence angle near
2−4◦ , where the incidence angle, i, is the difference between the fixed blade angle, βb , and the flow
angle, β . An alternate design criteria is that i/βb < 0.45 [1]. β can be calculated as the arctangent
of the flow coefficient. This means that as the flow coefficient decreases, the β also decreases.
At the design point, βb will be just a few degrees larger than β so that it will operate with an
appropriate incidence angle. However, at low off-design flow coefficients, the flow angle further
decreases and the incidence angle increases. At larger incidence angles, backflow at the blade
leading edge is caused by high inlet diffusion and a large pressure difference from the pressure side
to the suction side of the blade [1,40]. The backflow can extend multiple blade diameters upstream
of the inducer and is a critical factor to the generation of the significant cavitation events that can
lead to pump failure. Backflow increases rapidly with only small changes in the flow coefficient,
which limits an inducer to stable operation over only a small window of flow coefficients [15].
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Traditionally, inducers can be designed for flow coefficients down to about φ ≈ 0.07. Lower
flow coefficients result in smaller flow angles and require smaller inlet inducer blade angles to
maintain a sufficiently small incidence angle to avoid backflow at the blade leading edge. A smaller
inlet blade angle, however, decreases the flow area between the blades and makes the inducer more
susceptible to cavitation blockage. To compensate for this decrease in passage area, inducer blades
have become thinner to maximize the flow area between blades. However, thin blades are more
susceptible to structural damage and unsteady flow conditions caused by asymmetrical cavitation,
which can lead to blade flapping and structural failure [1]. This trade-off between operating at
lower flow coefficients and having structurally robust blades is what defines the current limits to
the design of state-of-the-art inducers.
One of the first known inducers, dating back to the early 1940s, employed a backflow
collection and recirculation device [20]. Using the best available information, Sloteman et al.
reverse engineered the early inducer to better understand the influence of the backflow device.
It was shown that the backflow device significantly stabilized the flow field in the pump and the
pump would have likely failed without it [26]. In the 1980s, a backflow recirculation device was
developed by Cooper and Dussourd [27, 28]. Experimental tests demonstrated that implementing
this device would allow inducers to operate stably from flow coefficients ranging from the design
value down to the point of shut off [29].
A similar recirculation device, known as an SCD, operates by capturing fluid at the blade tip
near the leading edge of the inducer and reintroducing it into the flow upstream. Figure 3.1 shows
a schematic of an inducer with an SCD. Japikse and Baun first explored the influence of an SCD

Figure 3.1: Schematic illustration of an inducer with a stability control device.
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on four different inducer geometries experimentally in 2003 [4]. It was confirmed that cavitation
instabilities could be fully suppressed through the desired operating range of a turbopump when
an SCD was employed. Oliphant further investigated the effects of an SCD showing that the
performance of an inducer with an SCD is sensitive to the axial positioning of the bleed slot of
the SCD [5]. Through an advanced optimization technique that he developed, Oliphant designed
and tested an inducer that employed an SCD capable of running stably at φ = 0.04 and achieving
an Nss of 27.4 at a 3% head drop off and an Nss of 40.2 at 6% head drop off with no indication of
cavitation instabilities. Krise then employed steady-state computational fluid dynamic simulations
to explore the effectiveness of an SCD at controlling the inlet flow conditions [31]. The inducers
he considered consisted of flat plate style inducer blades.
The current study investigates the performance of an inducer with and without the implementation of the SCD. Four flow coefficients are considered, the design flow coefficient (φ = 0.07)
and three flow coefficients below the design value (φ = 0.042, φ = 0.028, and φ = 0.014). Breakdown curves are generated at the four flow coefficients using time-accurate multiphase simulations
to explore the suction performance with and without the SCD. The rotordynamic forces are also
analyzed to determine the flow stability and the occurrence of significant cavitation instabilities.
The remainder of this chapter is structured as follows: Section 3.4 describes the numerical methods employed, section 3.5 provides results for the CFD simulations and section 3.6 summarizes
the conclusions.

3.4

Methodology
An inducer with a tip blade angle of 7◦ and a design flow coefficient of φ = 0.07 was mod-

eled using the commercial CFD package Star-CCM+ version 8.02.008. The Reynolds-averaged
Navier-Stokes and continuity equations were solved with a 2nd-order upwind convection scheme
and segregated solver. Turbulence was modeled with the Realizable Two-layer K-ε model. This
model uses wall functions for regions of the mesh with a high-y+ and assumes the viscous sublayer
is properly resolved for low-y+ regions of the mesh. Cavitation was modeled using an Eulerian
multiphase, Volume of Fluid (VOF) approach, which employs the basic Rayleigh-Plesset formulation [32]. The VOF model solves the standard single phase set of governing equations with
equivalent fluid properties based on the volume fraction of vapor in each control volume.
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The solution meshes were also generated in Star-CCM+. The meshes contained 6.6 × 106
and 6.4 × 106 polyhedral cells for the inducer with and without the SCD, respectively. The average
y+ for the closest mesh points near the walls was y+ = 7. Grid and time independence studies
were performed. Critical monitors such as the cavitation number and head coefficient were shown
to vary by less than 0.35% when the mesh size of the inducer with the SCD increased to 12.2 × 106
cells. Time steps were varied from 1 × 10−4 seconds to as small as 2 × 10−6 seconds. The time averaged machine performance varied by nominally 1% when the time step size was decreased from
1.4 × 10−5 to 5 × 10−6 . At low operating pressures a significant amount of cavitation developed
and the large time step simulations developed a mass flow error as high as 10% of the inlet mass
flow rate. Decreasing the time step decreased the mass flow error and also reduced the noise in
the monitor plots. The selected time step was 1.4 × 10−5 , which yielded typical mass flow errors
of less than 0.1% and machine performance monitors such as the head coefficient and cavitation
number were within 1% of the smaller time step values.
A full annulus of the inducer was simulated using a rotating reference frame and the rotational speed was 6,000 rpm for all cases. Multiple flow coefficients were explored by varying
the inlet mass flow rate. A pressure outlet boundary with radial equilibrium was employed. The
inlet pressure and the operating cavitation number were determined from the solution of the flow
field. Convergence was determined case by case by evaluating solution monitors of the inlet total
pressure, the head coefficient, pump efficiency, the domain volume fraction of vapor, and the rotordynamic forces on the blades. For some simulations, a steady state solution was not achieved.
For these scenarios, cavitation instabilities increased at lower operating pressures and the solution
became periodic. These solutions were determined converged once the steady or periodic solution
had been achieved for greater than 10 blade revolutions. There were over 65 different CFD simulations conducted for this research. Jobs were submitted to the Mary Lou supercomputer at Brigham
Young University, which employs an 8-core Intel Sandy Bridge with Infiniband node communication. A typical run time for one simulation was nominally 50 blade revolutions, which required
126 processors and approximately 20 days to converge.
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3.5

Results and Discussion
This section has been broken up into four subsections. The first subsection is a comparison

between the CFD results obtained in this study and experimental work done on the same inducer
performed by Concepts NREC. This is done to validate the results that will be presented in the rest
of this section. The overall inducer performance with and without the SCD is then analyzed by
examining breakdown curves and the rotordynamic forces. The breakdown curve is an effective
way to visualize the suction performance of the inducer while the rotordynamic forces are a measure of the stability of the pump at each operating point. It will be shown in these sections that
the implementation of an SCD to an inducer can significantly increases the suction performance
and stability, particularly at low off-design flow coefficients. The last subsection will then analyze
specific flow conditions and cavitation instabilities that are present in the flow under certain conditions. Consideration of these specific flow conditions provides insight into how the SCD stabilizes
the flow and enables enhanced suction performance.

3.5.1

Validation of Results
Test data obtained by Concepts NREC is used to benchmark the numerical simulations.

Test data from the inducer with and without the SCD are compared at φ = 0.07 and φ = 0.042 to
the CFD results in Fig. 3.2. The head coefficient, normalized by the single phase value at φ = 0.07,
versus cavitation number for both the experimental and CFD data for the non-SCD scenario (top)
and the SCD scenario (bottom). Overall, good agreement is found between the experimental and
CFD results. For the non-SCD scenario, the CFD results deviate from the experimental data near
the knee of the breakdown curve at both flow coefficients. At φ = 0.042, the initial drop in head
coefficient from the single phase value in the CFD results is due to a cavitation instability that is
observed. In the same range of cavitation numbers, the scatter in the experimental data increases.
It is believed that the scatter is produced by a cavitation instability and that the CFD models over
predict the resulting drop in head coefficient from this instability. The numerical results predict the
cavitation number where breakdown occurs within 0.001 of the cavitation number where breakdown is observed experimentally. For the SCD data, the CFD and experimental results match very
closely with only a slight deviation in the cavitation number where breakdown occurs, where the
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7◦ inducer without an SCD.

7◦ inducer with an SCD.
Figure 3.2: Cavitation breakdown curves comparing the experimental data and CFD results for
the 7◦ inducer at φ = 0.07 and φ = 0.042 (top) and the 7◦ inducer with an SCD at φ = 0.07 and
φ = 0.042 (bottom).

CFD results are shifted to a lower cavitation number by nominally 0.003 from the experimental
data.
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3.5.2

Cavitation Breakdown Curves
Two fundamental modes of pump failure are: 1) cavitation blockage that leads to head

breakdown and 2) large rotordynamic forces that may lead to structural failure. The first mode
of failure is most easily visualized by a breakdown curve, where the head coefficient is plotted
as a function of the cavitation number at a constant flow coefficient. Cavitation increases in the
domain with decreasing cavitation number. Minimal cavitation was observed for both geometries
considered in Fig. 3.2 when operating at σ > 0.1 and the fluid over this range of cavitation numbers
can be considered to be a single phase liquid.
Figure 3.3 provides breakdown curves obtained from the CFD results for both the SCD and
non-SCD scenarios. Results for two flow coefficients are shown for the inducer without the SCD:
the design flow coefficient (φ = 0.07) and φ = 0.042. Results for four flow coefficients are shown
for the inducer with the SCD: φ = 0.07, φ = 0.042, φ = 0.028, and φ = 0.014. At φ = 0.07, the
SCD and non-SCD breakdown curves are very similar, although when the SCD is implemented,
the head coefficient prior to breakdown increases by nominally 5%. This increase in head is most
likely due, at least in part, to the bleed induced reduction in boundary layer blockage in the blades

Figure 3.3: Cavitation breakdown curves for the non-SCD inducer at φ = 0.07 and φ = 0.042, and
the SCD inducer at φ = 0.07, φ = 0.042, φ = 0.028, and φ = 0.014.
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downstream of the bleed off slot. The initial drop in head coefficient starts at σ ≈ 0.025 and
breakdown occurs at σ ≈ 0.022 for both scenarios.
Significant differences exist between the SCD and non-SCD breakdown curves in Fig. 3.3
at off-design flow coefficients. At φ = 0.042, the head coefficient in the single phase regime
is nominally ψ ≈ 0.41 for the inducer without an SCD. At a relatively high cavitation number
of σ = 0.049, the head coefficient exhibits a sudden 20% decrease. As the cavitation number
continues to decrease, the head coefficient then levels off at nominally 80% of the single phase
value (high σ ) of ψ until σ ≈ 0.016, where the inducer enters breakdown. The SCD scenario
exhibits a single phase head coefficient that is slightly increased above the non-SCD case, with
a magnitude of ψ ≈ 0.42. The head coefficient remains essentially constant until σ decreases
to σ ≈ 0.013 and breakdown occurs at σ ≈ 0.011. The inducer with the SCD operates with a
single phase head coefficient that remains constant to much lower cavitation numbers than the
inducer without the SCD. A significant implication of this is the fact that at the same inlet operating
pressures, the non-SCD inducer can be experiencing breakdown (with severe performance loss),
while the SCD inducer is still able to produce a head coefficient that is nominally the same as its
single phase value.
For the φ = 0.028 and φ = 0.014 scenarios, the simulations for the inducer without the
SCD could not reach a stable solution at any cavitation number, likely due to extreme backflow
induced inlet flow instabilities. Thus, results are not shown for the non-SCD inducer at these flow
coefficients. However, the inducer with the SCD demonstrated stable operation at both φ . The
single phase head coefficient for the inducer with the SCD is ψ ≈ 0.46 at both φ = 0.028 and
φ = 0.014. For σ > 0.01, the two flow coefficients exhibit nominally the same breakdown curve.
The first drop in head coefficient occurs at σ ≈ 0.015. For the φ = 0.028, breakdown occurs at
σ ≈ 0.005. Breakdown is more gradual for the φ = 0.014 scenario and breakdown does not occur
until σ ≈ 5.5 × 10−4 . To put this cavitation number into perspective, the pump inlet total pressure
is only 500 Pa greater than the fluid vapor pressure (Pv = 3170 Pa). A huge improvement in the
suction performance of the inducer is achieved when the inducer operates with the SCD at this low
flow coefficient.
Figure 3.4 shows the Brumfield criterion and the corrected Nss when the inducer is operating with a 35% drop in the single phase head coefficient as a function of φ for the inducer without
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Figure 3.4: The Brumfield criterion and the maximum corrected Nss as a function of φ for the
inducer without an SCD at φ = 0.07 and φ = 0.042 and the inducer with an SCD at φ = 0.07,
φ = 0.042, φ = 0.028, and φ = 0.014.

an SCD at φ = 0.07 and φ = 0.042 and for the inducer with an SCD at φ = 0.07, φ = 0.042,
p
φ = 0.028, and φ = 0.014. The corrected Nss = Nss / 1 − (Rh /Rt )2 is used to account for the
difference in the cross-sectional area of the pump at the leading edge compared to the inlet of the
pump. For the scenario without an SCD, the corrected Nss ≈ 15 and Nss ≈ 16 at φ = 0.07 and
φ = 0.042 respectively. At the design flow coefficient, φ = 0.07, the corrected Nss is nominally
the same for the inducer with an SCD. The suction performance improves as the inducer operates
at lower flow coefficients. The inducer with the SCD exhibits moderate improvements in suction
performance at φ = 0.042 and φ = 0.028 as the corrected Nss increases by 34% and 66% compared
to φ = 0.07 (corrected Nss = 19 and 23) respectively. At φ = 0.014, the corrected Nss ≈ 49 at a
35% head fall off, 2.5 times higher than the value that is achieved by the same inducer without the
SCD. The inducer continues to operate stably without a vertical drop in the head coefficient until
the corrected Nss ≈ 97. This agrees with previous results that significant improvements in suction
performance can be obtained when an inducer operates with an SCD. It is possible because of the
stable operation at very low flow coefficients when an SCD is employed.
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3.5.3

Rotordynamic Forces
A second fundamental mode of pump failure is caused by high rotordynamic forces that

lead to structural failure. Figure 3.5 plots the root mean square of the rotordynamic forces on the
inducer as a function of cavitation number. Data are shown for the inducer without the SCD at
φ = 0.07 and φ = 0.042 and the inducer with the SCD at φ = 0.07, φ = 0.042, φ = 0.028, and φ =
0.014. At the design flow coefficient, φ = 0.07, the RMS forces for the non-SCD inducer remain
below 3 N for all cavitation numbers with one exception. At σ = 0.041, the RMS rotordynamic
force increases to 13 N. When the SCD is employed, the RMS force at φ = 0.07 are negligible for
σ > 0.025.
At lower values of σ , the RMS force increases to as high as 5 N. The influence of the SCD
is much more significant at low flow coefficients. The RMS rotordynamic force increases by nearly
two orders of magnitude for the non-SCD inducer while operating at φ = 0.042. For σ > 0.05,
the force magnitude is nominally 50 N. The force increases rapidly with a small drop in cavitation
number and reaches as high as 255 N, at σ ≈ 0.049. The forces remain above 200 N between
σ ≈ 0.049 and σ ≈ 0.016, the point that the inducer entered breakdown. The sudden increase
in rotordynamic forces at σ ≈ 0.049 occurs at the same cavitation numbers where a sudden de-

Figure 3.5: RMS of the rotordynamic forces on the inducer for the non-SCD case at φ = 0.07 and
φ = 0.042 and the SCD case at φ = 0.07, φ = 0.042, φ = 0.028, and φ = 0.014.
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crease in the head coefficient was observed previously. The reason for this will be discussed in the
cavitation instabilities section. When the SCD is implemented for this off-design flow coefficient,
the RMS forces remain below 1 N for σ > 0.03 and exhibits a peak of near 4 N at σ ≈ 0.013.
There is greater than a 98% reduction in the maximum RMS rotordynamic force when the SCD is
implemented at φ = 0.042.
This reduction in rotordynamic force emphasizes the stabilizing effect of the SCD. The
large forces on the blades for the inducer without the SCD at φ = 0.042 could lead to structural
failure and the stabilizing effect of the SCD virtually eliminates these forces. This is also true at
φ = 0.028 and φ = 0.014, where the non-SCD inducer did not reach a stable solution because of the
extreme flow fields that existed. Reducing the rotordynamic forces acts to increase the structural
reliability of the pump, which is one of the design limitations for current state-of-the-art inducers.

3.5.4

Cavitation Instabilities
In sections 3.5.2 and 3.5.3, a broad overview of inducer performance was presented at mul-

tiple flow coefficients and it was shown that the SCD scenario yields increased suction performance
and a reduction in rotordynamic forces. This section will focus on specific flow instabilities that
occur with and without the SCD. These instabilities ultimately lead to the drop in performance and
large rotordynamic forces that were discussed previously.
Inducers are typically designed to operate with cavitation present on the blades; however,
too much cavitation ultimately leads to pump failure. A large vapor cavity on the inducer blades
decreases the efficiency of the pump, and causes breakdown to occur. This is true of every inducer at a sufficiently low operating pressure. Cavitation also becomes a concern when significant
transient cavitation instabilities occur. These instabilities include rotating cavitation and cavitation
surge, and each can cause large forces on the blade. These instabilities can also lead to a loss
of pump performance and breakdown at higher cavitation numbers. The improved suction performance and lack of rotordynamic forces on the inducer with the SCD are directly related to the
stabilizing effect of the SCD and the lack of cavitation instabilities present when it is implemented.
The tip vortex and backflow at the inducer leading edge are the primary mechanisms that
generate the cavitation instabilities observed for the non-SCD scenario. Figure 3.6 shows contour
plots of the axial flow velocity with constrained streamlines on a plane through the center of the
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φ = 0.07

φ = 0.042
Figure 3.6: Single phase axial velocity contour plots with constrained streamlines for the inducer
without the SCD illustrate the tip vortex and backflow at the blade tip for φ = 0.07 (top) and
φ = 0.042 (bottom).

computational domain for the inducer without the SCD operating in the single phase regime (σ >
0.1) at φ = 0.07 (top) and φ = 0.042 (bottom). In both images, the tip vortex and backflow at the
blade leading edge are visible. The backflow at φ = 0.07 stretches nominally one blade diameter
upstream of the leading edge. Additional vortices are present in the shear layer created by the
backflow, however, cavitation growth is only observed in the vortex centered on the leading edge
of the blade tip.

45

Backflow and the tip vortex are both generated by the same physical phenomenon, the
inlet diffusion at the leading edge of the inducer. The inlet diffusion is proportional to 1 −
(sin(β )/ sin(βb ))2 , thus it increases with decreasing flow coefficient [1]. This results in a larger
loading on the blade at the inlet, which increases the tip leakage and the size of the tip vortex. The
increase in the size of the tip vortex is clearly seen in Fig. 3.6 going from φ = 0.07 to φ = 0.042.
Backflow occurs when a critical level of diffusion at the blade inlet is reached [22]. As the inlet
diffusion increases and surpasses the critical level, a stall occurs at the inlet of the inducer and
backflow occurs.
Cavitation inception occurs in this tip vortex at both flow coefficients when the SCD is not
employed. The vapor cavity in the tip vortex grows along the blade with decreasing cavitation
number and is pulled upstream axially by the backflow. This can be seen in the sequence of
images shown in Fig. 3.7 that shows an iso-surface of vapor fraction equal to 0.1 for the non-SCD
scenario at φ = 0.07 at three different cavitation numbers: σ = 0.480 (top), σ = 0.132 (middle),
and σ = 0.041 (bottom). The core of the tip vortex is also shown in each figure. When the
cavitation on one blade extends sufficiently far upstream axially it will affect the flow entering
the trailing blade, which leads to cavitation instabilities such as rotating cavitation. Thus, the tip
vortex decreases the local pressure near the blade tip making the fluid susceptible to cavitation
and backflow pulls the cavitation upstream from the leading edge, which leads to the interaction
between the cavitation and the flow entering the trailing blade.
The bottom image in Fig. 3.6 shows the flow field at φ = 0.042. The increased local
incidence on the blade at the low, off-design flow coefficient generates backflow that extends more
than six blade diameters upstream from the leading edge of the inducer (much farther than is shown
in the figure) and is accompanied by an increase in the size of the tip vortex. These conditions
produce significantly more cavitation in the pump at φ = 0.042 compared to the conditions at
design flow coefficient.
Because of the high velocities at the blade tip and the increased flow area at radial positions
near the shroud, the most influential cavitation to the inducer performance is found near the blade
tip. This section of the chapter will analyze the presence of cavitation instabilities in a cylindrical
plane near the inducer blade tip. In Fig. 3.1 a line is shown at r/R = 0.98 (also referred to as 98%
span), where r is the radial position and R is the shroud radius. Figure 3.8 shows instantaneous
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Figure 3.7: A series of images with an iso-surface of vapor fraction equal to 0.1 that show the
cavitation growth along with the tip vortex core location for the non-SCD scenario at φ = 0.07 at
three different cavitation numbers: σ = 0.480 (top), σ = 0.132 (middle), and σ = 0.041 (bottom).
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contour plots of the vapor fraction on an unwrapped view of the cylindrical plane at r/R = 0.98
for the non-SCD scenario at φ = 0.07 and three different cavitation numbers. A representative
velocity triangle for the fluid in this plane is also shown at the bottom of Fig. 3.8 to illustrate the
average flow angle relative to the blades. The relative flow direction is nominally parallel to the
inducer blade.

σ = 0.13

σ = 0.041

σ = 0.024

A representative velocity triangle for the flow at the leading edge of the inducer.
Figure 3.8: Contour plots of vapor fraction at 98% span of the blade for the inducer without
the SCD at φ = 0.07 and at three cavitation numbers; σ = 0.13 (top), σ = 0.041 (middle), and
σ = 0.024 (bottom).
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At σ = 0.13 (top of Fig. 3.8), which is prior to head breakdown, the cavity length along the
blade is nominally 33% of the blade to blade spacing. The cavitation is also pulled upstream axially
from the leading edge a small distance by the backflow. As the cavitation number decreases, the
cavitation increases in length along the blade and also extends farther upstream. The cavity length
reaches nominally 78% of the blade to blade spacing at σ = 0.041 shown in the middle image of
Fig. 3.8. Further, the cavitation on each blade extends sufficiently far upstream axially to affect the
flow entering the following blade passage. There is a subtle variation in the cavity shape and size
that is formed on each blade. The shapes of the overall cavities on each successive blade have been
overlaid in Fig. 3.9 for σ = 0.13 and σ = 0.041. At σ = 0.13, the cavities are exactly the same and
correspondingly only negligible forces were observed. At σ = 0.041, each cavity shape is similar
but unique, with one cavity slightly longer than the other three. The longer cavity then rotates
with time from blade to blade and rotating cavitation is observed. This rotating cavity instability
generates the increased rotordynamic forces at the same cavitation (σ = 0.041) number discussed
in section 3.5.3.
The occurrence of rotating cavitation at this operating point agrees with the rule of thumb
that cavitation instabilities are often observed once the blade cavity length is greater than 65% of
the blade to blade spacing. The bottom image in Fig. 3.8 shows a typical cavitation pattern on the
blades when the inducer is in breakdown (σ = 0.024). The cavitation extends along the majority
of the length of the blade and nearly blocks the entire blade passage, causing the blades to stall and
performance of the pump drops off rapidly.
At φ = 0.042, significant cavitation instabilities are observed at every cavitation number
explored for the non-SCD geometry. Three regimes of cavitation instabilities are observed and are
summarized in Table 3.1. An unwrapped instantaneous contour plot of the vapor fraction at 98%

σ = 0.13

σ = 0.041

Figure 3.9: An overlay of the cavity shape on each blade at 98% span of the blade for the non-SCD
scenario at φ = 0.07 and at two cavitation numbers; σ = 0.13 (left) and σ ≈ 0.041 (right).
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span for each regime is shown in Fig. 3.10. At high cavitation numbers (0.350 > σ > 0.064),
rotating cavitation is observed. The top image of Fig. 3.10 shows the rotating cavitation at σ =
0.14, which is characteristic for this regime of cavitation instability. The length of cavitation on the
blade is short for this regime and is nominally the same length as the cavity at a similar cavitation
number for the inducer without an SCD at φ = 0.07 (top of Fig. 3.8). Because backflow is much
stronger at the off-design flow coefficient, the cavitation stretches farther upstream even though the
cavity along the blade is shorter. Thus, an interaction between the cavitation and the trailing blade
occurs at a higher cavitation number at lower flow coefficients where the backflow is stronger.
Previously, others have also observed that rotating cavitation occurs at higher cavitation numbers
at lower flow coefficients [15, 41].

Table 3.1: Regimes of cavitation instabilities at φ = 0.042 for the inducer without the SCD. The
average RMS rotordynamic force over the specified range of
cavitation numbers is given for each regime.
σ
Cavitation Instability
0.064 < σ < 0.140
rotating
0.056 < σ < 0.064
alternate blade
0.016 < σ < 0.049
rotating and surge

Rotor Force
55 N
49 N
200 N

As the cavitation number decreases, the variation in cavity size from blade to blade increases and the rotating cavitation becomes more detrimental. The second image in Fig. 3.10
shows the existence of alternate blade cavitation, which is observed in the range 0.056 < σ <
0.064. Cavity lengths alternate from blade to blade with two longer and two shorter cavities. The
significant difference in this regime is that the longer cavity lengths remain on the same two blades
and the instability does not rotate. This instability persists only for a small range of cavitation
numbers before the behavior transitions back to rotating cavitation. The second regime of rotating
cavitation occurs in the range 0.016 < σ < 0.049. The third image in Fig. 3.10 shows that the rotating cavitation in this regime is much more dramatic. Vapor cavities entirely block three of the blade
passages, while the fourth blade has no cavitation present. The extensive amount of cavitation on
the blades leads to the drop in head coefficient and the asymmetric cavitation pattern dramatically
increases rotordynamic forces that were observed previously at σ = 0.049 in sections 3.5.2 and
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σ = 0.14

σ = 0.056

σ = 0.049

σ = 0.016
Figure 3.10: Contour plots of vapor fraction at 98% span of the blade for the inducer without the
SCD at φ = 0.042 and four cavitation numbers; σ = 0.14, σ = 0.056, σ = 0.049 and σ = 0.016 .

3.5.3 respectively. A local region of cavitation also developed upstream of the inducer over this
range of cavitation numbers. Backflow that penetrates far upstream of the inducer decreases the
flow area and accelerates the inlet flow. This acceleration leads to the upstream cavitation, which
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grows and collapses with time. This is a cavitation surge instability that results in large fluctuations in flow rate and pressure levels in the pump. The inducer enters breakdown at σ = 0.016.
The bottom image in Fig. 3.10 shows the cavitation on the blades once breakdown occurs. The
length of the cavitation extends farther along the blades and the vapor pattern is again symmetric.
Without the SCD, the inducer experiences significant cavitation instabilities, large rotordynamic forces, and fluctuations in the flow rate while operating at φ = 0.042. Based on the
Brumfield criterion, better suction performance would be expected while operating at this cavitation number. However, as shown in section 3.5.2, the suction performance was not improved
because of the significant cavitation instabilities exhibited. It was previously shown that implementation of the SCD increased the suction performance and nearly eliminated the rotordynamic
forces, particularly at the low, off-design flow coefficients. This increase in performance for the
inducer with the SCD can be attributed to the stabilizing effect of the SCD, meaning the cavitation
instabilities that were present for the inducer without the SCD were completely suppressed when
the SCD was implemented.
This increase in stability that exists when the SCD is in place is directly related to the lack
of backflow and removal of the tip vortex at the leading edge of the inducer. Figure 3.11 shows
instantaneous axial velocity contour plots with constrained streamlines for the inducer with the
SCD at each of the flow coefficients explored. These results correspond to the single phase regime
(high σ ) and should be compared to the non-SCD results in Fig. 3.6. Backflow at the leading
edge of the inducer and the tip vortex that existed for the non-SCD cases no longer develop. This
is evident at all four flow coefficients considered. For inducers operating without the SCD, at
lower flow coefficients the incidence at the leading edge of the inducer increases and significant
backflow results. Implementing the SCD results in a local increase in mass flow rate at the leading
edge of the inducer, which decreases the incidence sufficiently so that backflow does not occur at
any flow coefficient. This is a very important point and underlines how the stability of the inducer
is improved by the SCD.
The SCD mass flow gain, KSCD , is the ratio of the increased mass flow at the leading
edge of the inducer to the inlet mass flow. Figure 3.12 plots KSCD as a function of cavitation
number at each flow coefficient explored for the SCD scenarios. The SCD mass flow gain increases
with decreasing flow coefficient. This is a very beneficial natural behavior because lower flow
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φ = 0.07

φ = 0.042

φ = 0.028

φ = 0.014

Figure 3.11: Single phase axial velocity contour plots with constrained streamlines for the inducer
with the SCD at φ = 0.07 (top left), φ = 0.042 (top right), φ = 0.028 (bottom left), and φ = 0.014
(bottom right).

coefficients require a greater SCD mass flow gain to maintain a desirable incidence at the inducer
leading edge, such that backflow is not produced. The general behavior of the SCD mass flow gain
as a function of cavitation number is similar for each flow coefficient. At high cavitation numbers,
KSCD decreases gradually as σ decreases, until a critical cavitation number where KSCD then drops
off much more rapidly. There is only a small variation in the critical cavitation number with the
varying flow coefficients as it ranges from σ ≈ 0.032 for φ = 0.07 to σ = 0.021 for φ = 0.028.
The rapid decline of KSCD is accompanied by cavitation growth in the blade throat area within a
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Figure 3.12: The SCD mass flow gain versus cavitation number for the inducer with the SCD at
four inlet flow coefficients (φ = 0.07, φ = 0.042, φ = 0.028, and φ = 0.014).

vortex that occurs at the inlet of the SCD bleed slot. This vortex, which will be referred to as the
bleed off vortex in the remainder of this chapter, can been seen in the top left image of Fig. 3.11
for the φ = 0.07 case. The position and size of the bleed off vortex varies with flow coefficient
and cavitation number; it decreases in size and moves upstream with decreasing flow coefficient.
While the bleed off vortex is observed to be closely related to the sharp decline in KSCD below the
critical cavitation number, it does not lead to rotating cavitation like the blade tip vortex that was
observed on the inducer without the SCD.
Figure 3.13 shows vapor fraction contour plots at the 98% span location for the inducer with
the SCD operating at φ = 0.07 and at three different cavitation numbers (σ = 0.042, σ = 0.032
and σ = 0.023). The position of the bleed off slot is important for interpreting these contour plots.
The width and position of the bleed off slot is shown on the left of the figure. At σ = 0.045,
cavitation exists in a very thin layer along the blade stretching 44% of the inducer blade-to-blade
spacing. For the non-SCD inducer at the same flow coefficient and a similar cavitation number
(σ = 0.041), the cavitation length was nominally 75% of the blade-to-blade spacing and rotating
cavitation prevailed (middle image of Fig. 3.8). A small amount of cavitation is observed in the
blade passage at the location of the bleed off slot. At σ = 0.032 (middle of Fig. 3.13) the cavitation
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σ = 0.045

σ = 0.032

σ = 0.023
Figure 3.13: Contour plots of vapor fraction at 98% span of the blade for the inducer with the SCD
at φ = 0.07.

from the bleed off vortex is observed in the middle of the passage. This is the critical cavitation
number where the slope changes in the SCD mass flow gain versus cavitation number. The bottom
image of Fig. 3.13 shows the cavitation near the point of breakdown at σ = 0.023. Here the
cavitation completely blocks the blade passage and results in inducer head breakdown.
The cavitation growth pattern discussed in the previous paragraph is for the SCD case at
φ = 0.07, however, the growth pattern is similar for the SCD case at each of the flow coefficients
explored. Cavitation initially develops in the SCD with only a thin layer of cavitation extending
along the blade. At the critical cavitation number when the slope of the SCD mass flow gain
curve changes, the bleed off vortex cavity is present in the blade passage. Figure 3.14 shows the
unwrapped 98% vapor fraction contour plots near the critical cavitation number for φ = 0.042,
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φ = 0.042 and σ = 0.024

φ = 0.028 and σ = 0.021

φ = 0.014 and σ = 0.016
Figure 3.14: Contour plots of vapor fraction at 98% span of the blade for the inducer with the SCD
when the bleed off vortex cavitation is first observed to fully block the blade passage at three flow
coefficients; φ = 0.042 (top), φ = 0.028 (middle), and φ = 0.014 (bottom).

φ = 0.028 and φ = 0.014 (at σ = 0.024, σ = 0.021, and σ = 0.016 respectively). As with the
φ = 0.07 case, the bleed off vortex cavity is present at mid passage of the blades and creates
cavitation blockage in the throat of the inlet of the blade. This cavitation blockage in the throat
of the blade appears to play a significant role in the cavitating performance of the inducer with an
SCD as both ψ and KSCD decline once the throat blockage occurs.

3.6

Conclusions
This chapter has explored the improved performance of a state of the art inducer when a

stability control device is employed at both on and off-design flow coefficients. Implementation of
the SCD was shown to increase stability and suction performance at all flow coefficients explored.
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This is particularly true at lower flow coefficients. The cavitation instabilities that produced large
rotordynamic forces and decreased the machine performance that were observed in the non-SCD
case were completely suppressed in the SCD case. This allowed the SCD case to maintain stable
operation over a wider range of flow coefficients than the non-SCD case. Therefore, an inducer
with the SCD could be designed to operate at a lower flow coefficient and therefore, achieve a very
large increase in suction specific speed.
One of the major design limitations for current state-of-the-art inducers includes the tradeoff between designing inducers to operate at lower flow coefficient to increase the theoretical maximum suction performance and designing structurally robust blades. Employing the SCD significantly decreases the structural forces on the blades, decreasing the likelihood of structural failure to
occur on the blades. In addition, the inducer is able to operate stably without backflow over a wide
range of flow coefficients. This includes flow coefficients where significant backflow prevented the
non-SCD case from operating stably.
Previously the design space for high suction performance pumps has been limited to only
small inlet blade angles in order to maintain a stable incidence angle on the blade tip so that
backflow does not occur. The local increase in mass flow rate at the leading edge when the SCD
is employed allows the inducer to operate at φ = 0.014 without any backflow at the blade leading
edge. This demonstrates that when an SCD is employed, an inducer can operate over a wider range
of flow coefficients without backflow. Thus, inducers with larger inlet blade angles that employ
an SCD can operate at low flow coefficients without backflow and can now be considered in the
design space for high suction performance inducers. Increasing the blade angle increases the inlet
throat area of the blade making it less susceptible to cavitation blockage, which allows inducer
blades to be thicker and more structurally robust. Including the SCD in the design of high suction
performance inducers can lead to more reliable inducers that have significantly improved suction
performance compared to the current state-of-the-art.
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CHAPTER 4.
HIGH SUCTION PERFORMANCE PUMPS WITH LARGE INLET
BLADE ANGLES AND AN INTEGRATED STABILITY CONTROL DEVICE

This chapter is a paper to be submitted to the Journal of Fluids Engineering of the American Society of Engineers. The formatting of this paper has been modified to meet the stylistic
requirements of this dissertation.
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4.2

Abstract
High suction performance pumps are able to operate stably at very low pressures with

significant cavitation in the domain. Typically these pumps are required to have small inlet blade
angles in order to limit the backflow at the inducer leading edge that can occur. The implementation
of a stability control device (SCD) can allow inducers with larger inlet blade angles to suppress
backflow at the leading edge and operate at the low flow coefficients required for high suction
performance pumps. This allows inducers with larger inlet blade angles to be included in the
design space for high suction performance pumps. Computational fluid dynamics simulations
were performed to investigate this new design space by analyzing the performance of an inducer
with inlet blade angles of 7◦ , 9◦ , and 11◦ . The flow coefficient for these cases was φ = 0.07. The
inducers with inlet blade angles of 7◦ and 9◦ were also analyzed at the same flow coefficient with a
modified SCD geometry that limits the mass flow rate through the SCD. It was observed that both
the overall stability and suction performance are very sensitive to the mass flow rate through the
SCD channel.
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4.3

Introduction
Cavitation is a major concern that influences the design of high suction performance pumps.

It can lead to unreliable pump performance, large rotordynamic forces and severe structural damage on the inducer blades [21]. Cavitation can also cause the pump to stall and the pump performance to drop rapidly. The fast rotational blade speeds required in high suction pumps make them
more susceptible to cavitation. In order to improve suction performance and stability, an inducer is
positioned as the first stage of the pump. The purpose of the inducer is to pressurize the flow sufficiently so that cavitation does not adversely affect the flow in the rest of the machine. Inducers are
high suction performance pumps that can operate at low inlet pressures and high suction specific
speeds. This can allow inducers to operate stably with cavitation covering much of the inducer
blade surface [2].
Detailed engineering is required to produce an inducer that can maintain stable operation
under flow conditions that produce cavitation on the blades. Many design parameters are optimized for the high suction performance inducers including the inlet blade angle, the number of
blades, the blade sweep, and the blade solidity [3]. Typically, an inducer blade is optimized for a
specific operating flow coefficient, where the flow coefficient is defined as φ = ṁinlet /(ρALE Utip ).
Operating inducers below the design flow coefficient generally results in significant backflow at
the inducer leading edge and consequently unstable pump conditions can develop [15]. It has been
shown that employing a stability control device (SCD) can suppress backflow and allow an inducer
to operate stably far below the design flow coefficient [29, 31].
The SCD is a passive cover treatment that can be applied to inducers. Figure 4.1 illustrates
a generic inducer with an SCD. A bleed off slot, located just downstream of the leading edge,
captures high energy fluid and returns the fluid to an upstream location, where it is reinjected into
the primary flow. The stabilizing effect of an SCD allows an inducer to operate stably far below
the design flow coefficient [4, 29].
Typically, high suction performance pumps require small inlet blade angles to maintain stable operation [2]. With an SCD, larger inlet blade angles can now be considered for high suction
performance pumps. This is significant because larger inlet blade angles have a larger throat area
and are less susceptible to cavitation blockage. A larger throat area can improve the cavitation performance of an inducer as well as allow for the design of thicker, more robust blades. This chapter
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Figure 4.1: Schematic of an inducer with a stability control device.

will explore the new design space for high suction pumps that is created by the implementation of
the SCD.

4.4

Background
The net suction specific speed, Nss , is a non-dimensional number inversely proportional

to the difference between the inlet total pressure and the fluid vapor pressure. It is a measure of
the inlet head to the pump and can be used to describe the suction performance of an inducer,
where suction performance is the ability of an inducer to operate stably with very small inlet head
conditions (large Nss values). The theoretical maximum Nss possible for an inducer is a function
of only the operating flow coefficient and is shown in equation 4.1. This theoretical limit is well
established as the Brumfield criterion [7]. The maximum net suction specific speed is inversely
proportional to flow coefficient and increases rapidly with small changes in φ for φ < 0.1. This
has driven the design of high suction performance inducers to allow operation at very low inlet
flow coefficients.

Nss


max


0.75
1.3 1 − 2φ 2
=

φ

(4.1)

Backflow is the most important secondary flow that occurs in inducers [2]. It originates at
the blade tip at the leading edge of the inducer. Often at the design flow coefficient, there will be
minimal or no backflow at all at the blade tip. When an inducer operates below the design flow
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coefficient, the amount of backflow increases rapidly and can penetrate upstream the length of
many blade diameters [15]. This makes backflow a serious concern in particular for high suction
pumps that operate at low flow coefficients. Attempts have been made to limit or control the backflow. A backflow deflector was previously developed to limit how far upstream backflow could
penetrate [24]. Other casing modifications have shown to contain backflow to a small groove in
the shroud near the blade leading edge and limit some cavitation instabilities, but this was only effective while the pump operated near the design flow coefficient [14, 25]. Sloteman demonstrated
that a backflow recirculating device, which operates very similarly to the SCD, allowed an inducer
to operate at flow coefficients ranging from the best efficiency point to shut off, without the occurrence of cavitation surge [29]. Further, the violent oscillations, which are typical of a surge event,
were suppressed.
The occurrence of backflow is closely related to the inlet blade angle of the inducer (βb )
and the local incidence angle, i = βb − β , where β is the relative flow angle to the blade at the
inlet of the inducer. There is a fundamental tendency for inducers to experience backflow at large
incidence angles [2]. The typical design incidence angle for high suction inducers is 2 − 4◦ [3].
At the low flow coefficients (φ < 0.07) where better suction performance can be achieved, the
flow angle is very small (β < 4◦ ). This is why inducers are generally limited to very small inlet
blade angles. Figure 4.2 illustrates the inlet flow for an inducer. The blade throat area (Athroat )
is proportional to sin(βb ) and decreases with decreasing blade angle. Therefore, small inlet blade
angles allow an inducer to operate at very low flow coefficients without adverse effects of backflow
but also decrease the blade throat area, making the blade passage more susceptible to cavitation
blockage.
To compensate for a smaller throat area, inducer blades are made thinner, because even
a small change in the throat area can have a huge impact on the cavitation performance of the
inducer [1]. However, blades need to remain sufficiently thick to withstand the centrifugal and
pressure forces that can occur under cavitating conditions and unsteady operation of the pump.
The design trade-off between thinner blades that allow for a larger throat area and blades that are
more structurally robust leads to a typical design flow coefficient of φ ≈ 0.07 for high suction
performance inducers and an inlet blade angle near 7◦ . Thus, there is significant motivation to
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Figure 4.2: Illustration of the inlet flow area for an inducer with the velocity triangle for the inlet
conditions shown.
expand the design space to allow for inducers with larger throat areas capable of achieving high
suction performance without sacrificing the structural robustness of the blades.
Inducers with larger inlet blade angles are able to have thicker blades while still maintaining
a larger throat area. However, the large incidence angles present when these inducer operate at the
low flow coefficients required for high suction performance pumps lead to a significant amount
of backflow and generally worse cavitation performance. This was confirmed in a previous study
that compared the results of thee similar inducers with varying inlet blade angles over a wide
range of flow coefficients [42]. It was observed that the smallest inlet blade angle had the best
cavitation performance at low flow coefficients, while the larger inlet blade angle inducer had the
best cavitation performance at higher flow coefficients.
Many of the detrimental cavitation instabilities that limit the stable operational range of
pumps are generated at the leading edge of the inducer [34]. These instabilities are fully suppressed
when an inducer employs an SCD [4]. The stabilizing effect of the SCD is due to a local increase in
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mass flow rate between the SCD reinjection slot and the bleed slot (refer to Fig. 3.1). At very low
off-design flow coefficients, where high incidence angles would be expected, the local increase in
mass flow rate can allow an inducer to operate near the design incidence angle. It is believed that
the stabilizing effect of an SCD can be applied to inducers with larger inlet blade angles, allowing
for improved stability and cavitation performance at the low flow coefficients required for high
suction performance inducers.
This chapter explores the cavitation performance of three inducers with different inlet blade
angles that implement an SCD at a flow coefficient of φ = 0.07. Each inducer has the same tip
clearance, blade solidity, hub to tip ratio, and exit blade angle. The main variation from each
inducer was the inlet blade angle. The three inlet blade angles considered were: 7◦ , 9◦ , and 11◦ .
Cavitation breakdown curves, which show the head coefficient, ψ, of the inducer as a function of
the suction specific speed, are generated for each inducer geometry. These results represent the
first investigation of the cavitation performance of inducers with varying inlet blade angles that
implement an SCD.

4.5

Methodology
The Reynolds-averaged Navier-Stokes and continuity equations were solved in the com-

mercial CFD package Star-CCM+ version 8.02.008 with a 2nd-order upwind convection scheme
and segregated solver. Turbulence was modeled with the Realizable Two-layer k-ε model. This
model applies an all y+ wall treatment, which uses wall functions for regions of the mesh with
a high-y+ and assumes the viscous sublayer is properly resolved for low-y+ regions of the mesh.
Cavitation was modeled using an Eulerian multiphase, Volume of Fluid (VOF) approach, which
employs the basic Rayleigh-Plesset formulation. The VOF model solves the standard single phase
set of governing equations with equivalent fluid properties based on the volume fraction of vapor
in each control volume.
Meshes for each inducer were also generated in Star-CCM+. The meshes contain between
7 million and 14 million polyhedral cells depending on the inducer and SCD geometries. Grid
and time independence studies were performed. Critical monitors such as suction specific speed
and head coefficient were shown to vary less that 0.35% when the mesh size of the 7◦ inducer
was doubled. Time steps ranging from 1 × 10−4 seconds to 2 × 10−6 were explored. A time step
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of 1.4 × 10−5 was selected for the unsteady cases. It yielded typical mass flow errors of less that
0.1% and the machine performance was within 1% of the more refined time steps. Some of the
results have previously been compared to experimental data obtained by Concepts NREC. The
computational data predicted breakdown to occur within 5% of the suction specific speed where
breakdown was observed experimentally.
A full annulus of the inducer was simulated using a rotating reference frame of 6,000 rpm
and a mass flow inlet was used to fix the inlet flow coefficient at φ = 0.07. A pressure outlet
boundary with radial equilibrium was employed. The simulation solved for the inlet pressure and
the operating suction specific speed. Convergence was determined case by case by looking at
solution monitors of the inlet total pressure, head coefficient, pump efficiency, domain volume
fraction of vapor, and the rotordynamic forces on the blades. For many simulations, a quasisteady state solution was reached. As cavitation instabilities increased at lower operating pressures,
the solutions became periodic. Solutions were determined converged once the steady or periodic
solution had been achieved for 10+ blade revolutions.
Two SCD geometries were considered in the study, which will be referred to as the SCD2
and the SCD2e geometries. The only difference between the two geometries is that the SCD2e
geometry has increased resistance in the long section of the SCD channel that is parallel to the
core mass flow direction. Both SCD geometries are shown with a cross-section through the length
of the pump in Fig. 4.3. The restriction in the SCD2e geometry (bottom) was added to decreases
the SCD mass flow rate. The SCD bleed off slot width was 2.7 mm for both SCD geometries with
the centerline of the bleed off slot positioned downstream of the leading edge of the blade tip a
distance of 90% of the axial length of the blade throat passage for each inducer.

4.6

Single Phase Results
In this section, the performance of each inducer is analyzed without the presence of cavi-

tation. The single phase performance are useful to learn how the flow through an inducer with an
SCD is affected by variation in the inducer inlet blade angle. These results were obtained using
time-accurate, multiphase simulations with an applied outlet pressure boundary condition sufficiently high such that cavitation did not develop within the pump. First, the stabilizing effect of an
SCD will be demonstrated by comparing the leading edge velocity profile for inducers operating
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SCD2

SCD2e

Figure 4.3: A cross-section through the center of the pump display the SCD2 geometry (left) and
the SCD2e geometry (right).

with and without an SCD. Figure 4.4 shows the normalized meridional velocity as a function of
the normalized radial coordinate for the 7◦ and 11◦ inducers with and without the implementation
of an SCD at φ = 0.07. The normalized radial coordinate, also known as the span, is equal to
(r − Rh )/(Rt − Rh ), where r is the radial coordinate, Rh is the inner radius of the inducer, and Rt is
the radius at the blade tip. For brevity, here the span is shortened to just r/R. Therefore the shroud
wall corresponds to r/R = 1 and the inducer hub corresponds to r/R = 0. The top image shows
data for the 7◦ inducer, while the bottom image shows data for the 11◦ inducer. The primary SCD
geometry in this investigation is the SCD2 geometry, which is based on the experimental work
done by Oliphant [5]. The SCD2 results are shown here with the non-SCD results. A negative
meridional velocity (Cm ), or backflow, for the non-SCD scenarios is observed above r/R ≈ 0.94
and 0.88 for the 7◦ and 11◦ inducers, respectively, while backflow is not observed for either of the
inducers when the SCD2 geometry is employed.
The distance upstream from the blade leading edge that the backflow penetrates, referred to
as the backflow penetration, is directly related to the inlet diffusion pressure coefficient, c p [1]. The
7◦ and 11◦ inducers without an SCD operate with c p ≈ 0.57 and c p ≈ 0.75 for φ = 0.07. Typical
backflow penetration is shown in Fig. 4.5 for inducers operating without the SCD with c p = 0.57
(top) and c p = 0.75 (bottom). For c p = 0.57, backflow penetrates only half of one blade diameter
upstream of the leading edge. This is a minimal amount of backflow that does not adversely effect
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7◦ inducer

11◦ inducer.
Figure 4.4: Normalized meridional velocity profiles at the leading edge of the inducer operating in
the single phase regime for the 7◦ and 11◦ inducers operating with and without an SCD at φ = 0.07.
Top: Inlet blade angle of 7◦ . Bottom: Inlet blade angle of 11◦ .

the flow through the inducer. It is common to see backflow similar to this at the design point of
an inducer. In contrast, the backflow penetrates more than six blade diameters upstream of the
leading edge when c p = 0.85. The large backflow penetration that occurs at c p = 0.75, which is
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c p ≈ 0.57

c p ≈ 0.85
Figure 4.5: Blue contour shows the location of backflow in an inducer operating with an inlet
diffusion c p ≈ 0.57 (top) and c p ≈ 0.85 (bottom).
representative of the 11◦ inducer operating at φ = 0.07, can cause unstable flow condition that can
lead to cavitation instabilities such as rotating cavitation or alternate blade cavitation.
The increased mass flow rate that occurs when an SCD is employed effectively increases
the leading edge flow coefficient, which increases the flow angle at the leading edge of the blade
and decreases the blade incidence. This allows the inducers to operate with a stable incidence angle
that does not produce backflow and demonstrates that larger inlet blade angles can operate without
backflow at the low flow coefficients required for high suction performance pumps if an SCD is
implemented. This is significant because as mentioned previously, most cavitation instabilities in
pumps are generated at the leading edge of the inducer with backflow being a major contributer to
their generation.
The new design space created by the implementation of an SCD needs to be explored,
which leads to the remainder of the results that will be discussed in this chapter. Changing the
inlet blade angle also has a significant effect on the flow through an SCD. An understanding of
how the flow through an SCD responds to changes in the inlet blade angle is required to optimize
future inducer and SCD designs. The meridional velocity profile at the leading edge for each blade
and SCD geometry studied is shown in Fig. 4.6, where φ = 0.07 for all cases. These results all
correspond to the single phase operation. Backflow is not observed at the blade leading edge for
any of the inducers operating with SCD2 (solid lines).
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Figure 4.6: Meridional velocity profiles at the leading edge of the inducer operating in the single
phase regime for the βb = 7◦ , 9◦ , and 11◦ inducers with both SCD geometries: SCD2 (solid lines)
and SCD2e (dashed lines).

For SCD2e (dashed lines), the mass flow rate through the SCD is decreased compared to
the SCD2 geometry by nominally 31% for the 7◦ inducer and 44% and 42% for the 9◦ and 11◦
inducers, respectively. The general shape of the SCD2e velocity profile is almost the same as SCD2
for the 7◦ inducer. A slight reduction in velocity near the shroud is the only difference and backflow
is not observed. Significant differences are observed in the velocity profiles for the 9◦ and 11◦
inducers with the different SCD geometries. Backflow is observed for the 9◦ inducer for r/R ≥ 0.94
and r/R ≥ 0.91 for the 11◦ inducer when the SCD2e geometry is employed. The core flow is
accelerated because of the backflow and higher meridional velocities are observed compared to
the SCD2 geometry velocity profiles at r/R ≤ 0.6. The backflow penetration is relatively short
for both inducers extending less than half of one blade diameter upstream for the 9◦ inducer and
slightly more than one blade diameter for the 11◦ inducer.
The increase in mass flow rate at the leading edge that occurs when an SCD is implemented
is an important factor to suppressing backflow. This increase in mass flow rate is known as the SCD
mass flow gain (KSCD ), which is defined as KSCD = 1 + ṁSCD /ṁinlet [1]. The optimal SCD mass
flow gain depends on the inducer blade geometry as well as the SCD geometry. The single phase
KSCD for each inducer and SCD geometry studied is shown in Fig. 4.7 as a function of 1/AR,
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Figure 4.7: SCD mass flow gain (KSCD ) as a function of 1/AR for the inducers with inlet blade
angles of 7◦ , 9◦ , and 11◦ with both SCD geometries. A linear curve fit of each data set is shown.

where AR = sin(βb )/ sin(arctan(φ )) is the area ratio of the throat area to the flow area (refer to Fig.
4.2) [1]. A nearly linear correlation between KSCD and 1/AR is observed, and suggests the driving
force for the mass flow rate through the SCD is proportional to 1/AR. The SCD2e geometry results
are shifted down from the SCD2 results due to the increased resistance in the SCD channel.
The head coefficient is affected by both the inlet blade angle of the inducer and the SCD
geometry. The head coefficient increases with increasing blade angle. For the SCD2 scenario the
7◦ inducer exhibits a single phase head coefficient of ψ = 0.31. This value increases to ψ = 0.38
and ψ = 0.41 for the 9◦ and 11◦ inducers, respectively. The head coefficient also increases by
nominally 2% for each of the inducers when SCD2e is employed. The decrease in KSCD leads to a
larger blade incidence at the inlet of the inducer, resulting in a small increase in head.
No measures were taken in these SCD geometries to reduce the tangential velocity in the
pressurized fluid that passes through the SCD channel and re-enters the core flow at the SCD
reinjection slot. The swirling fluid is reinjected upstream of the inducer resulting in a non-zero
tangential velocity at the leading edge, sometimes referred to as prerotation. Figure 4.8 plots
the mass flow averaged normalized tangential velocity just downstream of the reinjection slot,
Cθ /Utip , as a function of the mass flow gain factor for both SCD geometries. In general, swirl
increases with increasing mass flow gain factor, closely following a similar curve for all blade
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Figure 4.8: Normalized single phase swirl velocity, Cθ /Utip , at the blade leading edge plotted as a
function of the SCD mass flow gain, KSCD , for both SCD2 and SCD2e.
angles and SCD geometries. Two data points, the 9◦ and 11◦ inducers with the SCD2e geometry,
deviate from the rest of the data. These scenarios exhibited backflow at the leading edge of the
inducer. Backflow is the most common source of swirl at the leading edge in inducers operating
without the implementation of an SCD. Thus, for these scenarios there are two separate sources
for prerotation: the energized fluid that passes through the SCD and is reinjected into the core flow
and the energized fluid in the backflow at the blade tip. The proper design of an SCD geometry and
inducer needs to take into consideration the tangential velocity of the fluid in the SCD, since swirl
has a significant effect on the local blade incidence, leading edge flow coefficient, and cavitation
growth within the pump.

4.7

Multiphase Results
The cavitation performance of each inducer geometry and both SCD geometries will be

analyzed in this section. These results are time-accurate multiphase simulations. A breakdown
curve, which is a plot showing the pump pressure rise versus the pump inlet pressure, was generated
for each scenario at φ = 0.07. In this section, the breakdown curve will be presented as the head
coefficient as a function of the suction specific speed of the inducer. Each curve is generated by
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starting from the converged single phase solution and lowering the applied outlet pressure boundary
condition until a significant drop in the head coefficient is observed. For some geometries, a
significant surge developed resulting in large fluctuations in the mass flow rate through the system.

4.7.1

Cavitation Breakdown
Breakdown curves for the 7◦ , 9◦ , and 11◦ inducers with SCD2e are shown in Fig. 4.9.

Other than the 2% increase in the single phase head coefficient, the shape of the breakdown curve
is the same for both SCD geometries for all three inducers. Generally in a breakdown curve, the
inducer will maintain a nearly constant ψ with increasing Nss until cavitation builds up on the
blades, decreasing the performance of the pump, and resulting in a sudden drop in ψ with only
a small change in Nss . The 7◦ inducer maintains the single phase head coefficient, ψ = 0.31, up
until Nss = 13.4 where a sharp breakdown occurs. A maximum Nss of 14.6 is reached when a drop
in the head coefficient of nominally 50% from the single phase value occurs. The drop-off in ψ
during breakdown for the 9◦ and 11◦ inducer is much more gradual than for the 7◦ inducer. The
initial drop in the head coefficient occurs at Nss = 9.2 and Nss = 7.2 for the 9◦ and 11◦ inducers
respectively. Table 4.1 shows the Nss and ψ values at 20% and 40% drop in head from the single
phase value for each inducer. Based on the normalized head coefficient (ψN ), the 7◦ has the best

Figure 4.9: Breakdown curves showing the head coefficient, ψ, as a function of suction specific
speed, Nss , for 7◦ , 9◦ , and 11◦ inducers with SCD2e geometry at φ = 0.07.
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Table 4.1: Summary of the Nss and ψ conditions for the 7◦ , 9◦ , and 11◦ inducers with an SCD
operating at φ = 0.07 when the head drop-off is 20% and 40%
below the single phase value.
Geometry ψN
7◦
0.8
9◦
0.8
◦
11
0.8
7◦
0.6
◦
9
0.6
◦
11
0.6

Nss
12.9
11.5
9.9
13.4
13.1
11.5

ψ
0.253
0.308
0.334
0.190
0.231
0.246

suction performance as it is able to operate with only a 20% drop-off in head up to an Nss = 12.9,
while the head for the 9◦ inducer drops by 20% at Nss = 11.5 and the 11◦ inducer reaches the
same percent drop in head at Nss = 9.9. This suggests that the smallest inducer blade angle has the
best suction performance with the SCD. This result is similar to what was observed for inducers
without an SCD by Mejir et al. [42].
The larger inlet blade angles do however, have significantly higher single phase head coefficients than the 7◦ inducer. For example, at Nss = 9.9, the 11◦ inducer is operating with ψ = 0.334,
which is still a larger head rise than the single phase head coefficient for the 7◦ inducer. Depending on the pump application, the allowable head drop-off could be based on the actual value of
ψ instead of a percent drop-off. If this is the case, the gradual breakdown of the 9◦ inducer has
nominally the same suction performance as the 7◦ inducer for Nss > 13. At 40% drop in the single
phase value of ψ, the 7◦ and 9◦ inducers have similar values of Nss but the 9◦ inducer actually has
a higher head coefficient (table 4.1). Therefore, by traditional standards the 7◦ inducer has the best
suction performance, however, in certain applications where a larger drop in the head is acceptable
the suction performance of the 9◦ inducer with the SCD is the same or slightly better than the 7◦
inducer with the SCD.
Only a minimal improvement in suction performance is observed by simply increasing the
inlet blade angle of the inducer. There are three important factors that could be limiting the suction
performance of the 9◦ and 11◦ inducers that need the be addressed. First, the blade thickness is
increased at the hub of the impeller for the 9◦ and 11◦ inducers. When the geometries were created
for the these inducers, the motivation was to demonstrate that with larger inlet blade angles, suction
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performance can be improved and the blade thickness can be increased to improve stability. The
other two important factors are related to the physics at the leading edge of the inducer. With
the increase in mass flow at the leading edge when an SCD is employed, the flow coefficient is
effectively higher at the inducer leading edge compared to the flow coefficient far upstream from
the pump. The leading edge flow coefficient can be defined as φLE = KSCD · φ . Recall that the
best suction performance is possible at low flow coefficients. The 9◦ and 11◦ inducers have a
higher tangential velocity as the fluid enters the inlet of the inducers. This effectively decreases the
relative velocity of the inducer blade, which increases the leading edge flow coefficient. The effects
of swirl are explored in chapter 5 of this dissertation, where the tangential velocity is removed from
the fluid as it passes through the SCD channel. The last factor that could limit suction performance
of inducers with larger inlet blade angles is that they have a larger SCD mass flow gain than
inducers with smaller inlet blade angles, which also increases φLE .

4.7.2

SCD Mass Flow Gain
The SCD mass flow gain is critical to both the suction performance and stability of an

inducer operating with an SCD. Figure 4.10 shows KSCD as a function of Nss for the 7◦ , 9◦ , and
11◦ inducers with both the SCD2 and SCD2e geometries at φ = 0.07. All six scenarios converge

Figure 4.10: SCD mass flow gain, KSCD , as a function of Nss for the 7◦ , 9◦ , and 11◦ inducers with
both the SCD2 and SCD2e geometries all at φ = 0.07.
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to nominally the same curve (K f it ≈ 6.6 · Nss−0.7 ) at higher values of Nss . This suggests that at very
low pressures, the mass flow rate through the SCD is determined by the amount of cavitation in
the domain and is independent of the inducer or SCD geometries. More cavitation growth occurs
at lower values of Nss for the larger inlet blade angle inducers because φLE is higher, resulting in
larger velocities at both the inlet of the inducer blade and in the SCD bleed slot. The higher φLE
is required to suppress or at least limit the extent of the backflow at the blade leading edge so that
the pump can maintain stable operation, however because it also results in an increased amount of
cavitation the onset of cavitation breakdown occurs at lower values of Nss .
There are also some significant differences in the behavior of KSCD as a function of Nss
(Fig. 4.10) for the two SCD geometries. KSCD decreases with increasing Nss for the inducers
that employed the SCD2 geometry in the range of Nss < 8 because of significant cavitation growth
within the SCD bleed slot. This increases the resistance in the SCD channel and consequently KSCD
decreases. In contrast, the SCD2e scenarios each have a nearly constant KSCD with increasing Nss
over the same range of Nss because almost no cavitation growth occurs within the bleed slot. This
is because of the reduction in the mass flow rate through the SCD channel by the obstruction in the
SCD2e geometry. Figure 4.11 shows an iso-surface of the volume fraction of vapor of 0.1, which is

11◦ inducer with the SCD2 geometry.

11◦ inducer with the SCD2e geometry.

Figure 4.11: Iso-surfaces of vapor fraction equal to 0.1 show cavitation in the 11◦ inducer with the
SCD2 (left) and SCD2e (right) geometries at Nss ≈ 5 and φ = 0.07.
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showing everywhere in the domain where a cell in the mesh contains 10% cavitation by volume, to
illustrate where cavitation is observed within the 11◦ inducer for both SCD geometries at Nss ≈ 5
and φ = 0.07. The dashed line shows where the edge of the shroud is located. Everything outside
of the dashed line is in the SCD bleed slot. The cavitation within the bleed slot of the SCD2
geometry nearly fills the entire SCD bleed slot. Meanwhile, there is almost no cavitation within
the bleed slot of the SCD2e geometry and this is a significant difference between the SCD2 and
SCD2e geometries.

4.7.3

SCD Stability
There are two important elements involved in analyzing the cavitation performance of an

inducer. One element is the ability of the pump to supply adequate head at very high values of Nss .
This has been the focus of the results that have been reported to this point in the chapter. Cavitation
instabilities are also a significant factor in determining the cavitation performance of an inducer
and need to be considered here. Two significant cavitation instabilities are cavitation surge and
blade cavitation instabilities such as rotating cavitation or alternate blade cavitation.
Cavitation surge causes large fluctuations in the mass flow rate through the pump. It can
cause large axial loads and system vibrations, which can lead to structural failure. Table 4.2 summarizes the occurrence of cavitation surge in each inducer with both SCD geometries at φ = 0.07.
A surge event is observed for each of the inducers with the SCD2 geometry. The Nss where the
surge event is first observed decreases with increasing inlet blade angle. The surge magnitude,
defined as the difference between the maximum and minimum mass flow rates at the leading edge

Table 4.2: Summary of the cavitation surge events observed in the 7◦ , 9◦ , and 11◦ inducers with
both the SCD2 and SCD2e geometries at φ = 0.07.
Geometry
7◦ SCD2
9◦ SCD2
11◦ SCD2
7◦ SCD2e
9◦ SCD2e
11◦ SCD2e

Nss Range
12.3 < Nss < 12.7
Nss > 11.6
Nss > 10.2
NA
NA
NA
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ṁsurge /ṁinlet
0.13
0.39
0.56
0
0
0

(ṁsurge ) divided by the inlet mass flow rate, increases with increasing inlet blade angle. The largest
surge event is observed in the 11◦ inducer with the SCD2 geometry at Nss = 10.8, where the oscillation in the core flow rate was 56% of the inlet mass flow rate.
During the cavitation surge event, the cavitation within the SCD bleed slot grows and collapses. The growth and collapse of the cavitation in this area is believed to be largely responsible
for the cavitation surge event. As previously shown in Fig. 4.11, the scenarios with SCD2e geometry developed significantly less cavitation within the SCD bleed slot. The reduction in cavitation
in the SCD bleed slot for the SCD2e geometry prevents the cavitation surge event. Even though
the shape of the breakdown curve is the same for the SCD2 and SCD2e geometries, the suction
performance for SCD2e is much better because of this suppression of the cavitation surge event.
One indication of the likelihood that cavitation surge will occur in an inducer that employs
an SCD can be gleaned from the single phase results. While the single phase solutions do not have
cavitation within the domain, it is possible to determine if the SCD bleed slot is susceptible to
2 ), is inversely proportional to N and
cavitation. The cavitation number, σ = (P00 − Pv )/(0.5ρUtip
ss

is also used to describe the likelihood that cavitation is forming within a pump. More cavitation
is present at lower cavitation numbers. The probability that cavitation growth occurs within the
SCD bleed slot based on the single phase results can be determined by analyzing the difference in
static pressures between the inlet of the SCD bleed slot and the inlet of the inducer. Figure 4.12
shows the maximum observed normalized surge magnitude for each inducer and SCD combination
as a function of the single phase pressure difference between the SCD bleed slot and the inlet of
2 . The normalized pressure difference can be thought of as a
the domain, normalized by 0.5ρUtip

shift in the cavitation number from the inlet of the pump to the conditions within the SCD bleed
slot. If the pressure is lower in the bleed slot than at the inlet of the pump, the bleed slot is more
susceptible to cavitation growth. Likewise, if the pressure is higher in the bleed slot, cavitation is
less likely to occur within the bleed slot.
The results discussed above suggest that if PSCD − Pinlet > 0, cavitation surge will not occur.
It also suggests that the surge magnitude will increase for scenarios that exhibit larger pressure
drops from the inlet to the SCD bleed slot in the single phase solution. The restriction in the
SCD2e geometry that lowered the mass flow rate through the SCD also decreases the velocities in
the SCD bleed slot, which allows the SCD2e geometry to exhibit a static pressure rise from the
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Figure 4.12: The maximum surge magnitude observed in the breakdown curve normalized by the
inlet mass flow rate as a function of the single phase normalized static pressure difference between
the SCD pressure and the inlet pressure.

inlet to SCD bleed slot. Other SCD geometries, such as a widened bleed slot, could allow for a
higher SCD mass flow rate and still maintain a positive pressure rise from the inlet to the bleed
slot. Chapter 5 of this dissertation also explores the stability and suction performance of other SCD
geometries. The cavitation surge that is observed in the SCD2 geometry is a significant cavitation
instability that future designs of inducers that employ an SCD should avoid.
Other common cavitation instabilities that occur within inducers include rotating cavitation
and alternate blade cavitation (both referred to as blade cavitation instabilities). They are caused
by the interaction between the cavitation at the leading edge of one blade and the fluid entering
the trailing blade. This interaction can lead to varying cavity lengths on the blade that rotate from
blade to blade. Backflow plays a significant role in the generation of these cavitation instabilities.
The increase in mass flow rate at the inducer leading edge when an SCD is employed typically
suppresses all backflow and these cavitation instabilities have not been observed in inducers operating with an SCD previously. No blade cavitation instabilities are observed for any of the inducers
with the SCD2 geometry, however, alternate blade cavitation is observed in the 11◦ inducer with
the SCD2e geometry.

77

Alternate blade cavitation is observed for the 11◦ inducer in the range 3 < Nss < 5. This
instability is visible at Nss ≈ 5 in the right image of Fig. 4.11. The cavity formation is symmetric,
however the cavity length alternates from blade to blade. In some cases, alternate blade cavitation
can cause large rotordynamic forces leading to possibly unstable pump conditions. For the 11◦
inducer with the SCD2e geometry, the RMS of the radial forces on the inducer increases by a
factor of two from nominally 4 N to 8 N. Even a small increase in force can be significant to a
rotordynamic modal analysis. However, the magnitude of the radial forces is still very small, even
while the alternate blade cavitation persists, and would likely not cause any significant structural
concerns.
The main factor that limits the suction performance on larger inlet blade angles discussed
previously is the increase in φLE . While this is necessary to prevent backflow, it also leads to
cavitation growth at lower Nss . Single phase blade loading plots at 98% span for the 7◦ , 9◦ , and
11◦ inducers with the SCD2e geometry at φ = 0.07 are shown in Fig. 4.13. C p is the blade
pressure coefficient defined as C p = (P − Pinlet )/(1/2ρW 2 ), where P is the local static pressure
on the blade, Pinlet is the inlet static pressure. The x-axis is the normalized axial chord length.
Dashed lines shown where the SCD bleed slot is relative to the chord position in each of the plots.
The loading plot shows the pressure difference between the suction and pressure sides of the blade
and the area under the curve is representative of the work done on the fluid. For the 7◦ inducer,
nearly all of the work done by the rotor on the fluid occurs downstream of the SCD bleed slot.
In contrast, nominally 43% and 46% of the work on the fluid is done upstream of the SCD bleed
slot for the 9◦ and 11◦ inducers respectively. As the cavitation builds on the blade, the inducer
becomes less efficient at transferring work to the fluid. This is more problematic for the 9◦ and 11◦
inducer because the inlet section of the blade performs a significant amount of work on the fluid.
Designing an inducer with a larger inlet blade angle where the section of the blade downstream
of the SCD bleed slot, similar to the 7◦ inducer blade loading, could be able to maintain a head
coefficient similar to the single phase value with more cavitation on the inducer blade at higher
values of Nss .

78

Figure 4.13: Single phase blade loadings at 98% span for the 7◦ inducer (top), the 9◦ inducer
(middle), and the 11◦ inducer (bottom) with the SCD2e geometry at φ = 0.07.
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4.8

Conclusions
Computational fluid dynamic analysis was employed to analyze the performance of three

inducers with varying inlet blade angles (βb = 7◦ , 9◦ , and 11◦ ) and two SCD geometries. Cavitating and non-cavitating conditions were considered for each scenario operating at a fixed flow
coefficient of φ = 0.07. It was observed that SCD2 effectively suppressed all backflow at the leading edge of the inducer for all three blade angles. For SCD2e, backflow was observed at the leading
edge for both the 9◦ and 11◦ inducers, however even for these scenarios the backflow penetration
was limited and only had a small effect on the cavitation performance of the inducers.
An increase in the single phase head coefficient was observed as the inlet blade angle of the
inducer increased. The results have shown that with an SCD inducer with larger inlet blade angles
can operate stably without significant cavitation instabilities (if the SCD is properly designed) at
the low flow coefficients where high suction performance inducers typically operate. This confirms
that the design space for high suction specific speed inducers can now include inducers with larger
inlet blade angles. The 9◦ inducer with SCD2e did exhibit a slight improvement in suction performance, if a 50% drop in the single phase ψ is allowable. Not only was the suction performance
slightly better than the 7◦ inducer but the blade was also thicker, meaning that it was more robust
structurally as well.
The two different SCD geometries considered in this study demonstrated that a crucial
element to optimizing an inducer with the SCD is controlling the mass flow rate through the SCD.
Cavitation growth can occur within the SCD bleed slot, which can lead to a significant cavitation
surge event. The design of an SCD geometry should allow for low velocities in the SCD bleed slot
to avoid cavitation growth in that area, preventing cavitation surge. Cavitation instabilities such as
rotating cavitation and alternate blade cavitation can still be observed in an inducer operating with
an SCD if the SCD mass flow gain is too small and backflow develops at the inducer leading edge.
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CHAPTER 5.

VARIATIONS IN THE STABILITY CONTROL DEVICE GEOMETRY

This chapter is a paper to be submitted to the Journal of Fluids Engineering of the American Society of Engineers. The formatting of this paper has been modified to meet the stylistic
requirements of this dissertation.
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5.2

Abstract
A stability control device (SCD) is a passive inlet cover treatment that can be applied to

high suction performance inducers. Significant improvements in stability have been observed when
an inducer operates with an SCD, including suppression of backflow at the leading edge of the
inducer at low off-design flow coefficients. This is possible because of a local increase in mass
flow at the leading edge, which allows an inducer to operate with an incidence near the design
point value over a wide range of flow coefficients. Optimizing the mass flow rate through the SCD
for different inducers and at different flow coefficients is required in order to take full advantage
of the SCD. Computational fluid dynamic analysis is employed to investigate the performance of
inducers with different SCD geometries and at different flow coefficients. An understanding of
how the SCD geometry, the inducer inlet blade angle, and the inlet flow coefficients are all related
to the SCD mass flow rate is gained. Variations in the SCD geometry are explored, including a
widened SCD bleed slot, removal of swirl from the fluid in the SCD channel, and changing the
resistance in the SCD channel to explore these influences on the inducer suction performance. It
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is observed that these modifications to the SCD have a negligible effect on the shape the cavitation
breakdown curve.

5.3

Introduction
The stability control device (SCD) is a passive cover treatment that employs an inlet bleed

slot just downstream of the leading edge of the inducer and re-injects the fluid back into the core
flow upstream of the leading edge of the inducer. It has been shown that implementing an SCD
can significantly stabilize the flow through an inducer by suppressing backflow at the leading
edge of the inducer and cavitation instabilities [4, 5, 29, 31]. Because of the increased stability, an
inducer with an SCD is capable of operating far below the design flow coefficient, where significant
improvements in suction performance can be achieved.
Research for many years has been focused on improving the suction performance of inducers by allowing stable operation and good pressure rise with very small inlet head conditions.
Preliminary results for inducers that employ an SCD are promising, which makes it vital that a
solid understanding is obtained of the phenomena introduced into the system by the SCD. Chapter 4 previously explored how variations in the inlet blade angle of an inducer affected the pump
performance with an SCD. Variations to the SCD geometry should also be considered to better understand the complete system of an inducer with an SCD. It is believed that the best performance
will come from an inducer and SCD that are designed for each other. Some work has been done
previously to explore the optimal axial position of the SCD bleed slot [5]. The focus of this chapter will explore variations in the SCD bleed slot width, removing swirl from the fluid in the SCD
channel, and varying the mass flow rate through the SCD. These results are the first investigation
into how variations in the SCD affect the suction performance of an inducer with an SCD.

5.4

Background
Technological advancements have allowed pumps to operate with lower and lower inlet

head conditions. One of the first major technological advancements was the implementation of an
inducer [2]. The inducer pressurizes the fluid so that little or no cavitation is present within the rest
of the pump. Pumps that operate with a minimal suction head are prone to cavitation. The detri-
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mental effects of cavitation can lead to pump failure caused by a loss in machine performance due
to cavitation build up on the inducer blades or structural failure caused by the harsh conditions that
can exist during significant cavitation instabilities. Improvements in inducer design have increased
the stability of inducers, allowing them to operate stably with a large portion of the inducer blade
covered with cavitation. However, cavitation instabilities still define the design limits for current
state-of-the-art inducers.
In optimizing an inducer design there is a trade-off between structurally robust blades that
can withstand the large rotordynamic forces produced by the harsh cavitating conditions within an
inducer and widening the blade throat area so that the inducer is less susceptible to cavitation [1].
A common design for a high suction performance inducers in an inlet blade angles near βb ≈ 7◦ for
an inlet flow coefficient of φ ≈ 0.07, where the flow coefficient is defined in equation 5.1. ṁinlet is
the inlet mass flow rate, ρ is the fluid density, ALE is the cross-sectional area of the inducer at the
blade leading edge, and Utip is the blade tip speed.

φ=

ṁinlet
ρALE Utip

(5.1)

Low flow coefficients are advantageous for optimal suction performance [7]. State-of-theart inducers are capable of limiting cavitation instabilities near the design flow coefficient, however,
even the best designed inducer will fail due to cavitation instabilities that develop at low off-design
flow coefficients. Japikse and Baun demonstrated that the implementation of an SCD could fully
suppress cavitation instabilities that were previously observed in the same inducer when it was
operated without an SCD [4]. Figure 5.1 shows an illustration of an inducer with an SCD, where
the SCD bleed off slot is located just downstream of the leading edge of the inducer. The fluid
then enters a radial diffuser and passes through the SCD channel before being re-injected into the
core flow. In the core flow between the re-injection and bleed slots, there is a local increase in the
mass flow rate. This increase in local mass flow rate is critical to the increased stability that has
been observed in inducers that employ an SCD. The SCD mass flow gain, KSCD , has been defined
to quantify the mass flow increase. It is defined as KSCD = 1 + ṁSCD /ṁinlet .
One of the leading factors that generates unstable pumping conditions within an inducer
is backflow at the leading edge. Backflow occurs when the area ratio, AR, becomes too large and
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Figure 5.1: Schematic illustration of an inducer with a stability control device.

the inlet of the inducer stalls [1, 22, 23]. An inlet velocity triangle is illustrated along with the
leading edge of the blades of an inducer in Fig. 5.2. The inlet of the inducer can be modeled as
a diffuser with an inlet area (Ainlet ) proportional to sin(β ) and a discharge area is the blade throat
area (Athroat ), which is proportional to sin(βb ) [21]. The flow angle, β , is the arctangent of the flow
coefficient and βb is the fixed blade angle at that blade tip. The area ratio can then be written as
AR = sin(βb )/ sin(β ). A small angle approximation for angles < 20◦ yields less than a 2% error,
which allows AR to be reduced further to just the ratio of βb /β . Just like a traditional diffuser, if
the flow area is expanded too quickly between Ainlet and Athroat the inducer will stall, which in the
case of an inducer produces backflow at the blade tip [22].
The flow angle decreases as the inducer operates at lower flow coefficients, thus increasing
the area ratio. At the design point, the inducer operates with minimal or no backflow at the blade
tip. The backflow penetration (how far the backflow extends upstream of the inducer) grows rapidly
with only small changes in the flow coefficient [15]. This limits the stable operating zone of an
inducer to a narrow range of flow coefficients where backflow will not generate unstable flow
conditions within the pump. When an SCD is implemented, the local mass flow increase at the
blade leading edge modifies the flow angle at the blade inlet so that β = arctan(KSCD · φ ). Even
at very low flow coefficients, where a small flow angle would normally result in a large amount of
backflow at the blade tip, an inducer with an SCD is able to maintain a larger flow angle because of
the SCD mass flow gain. Consequently, the area ratio does not surpass the critical point where an
inlet stall would occur. This can allow an inducer with an SCD to suppress backflow at the blade
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Figure 5.2: Illustration of the inlet flow area for an inducer with the velocity triangle for the inlet
conditions shown.
leading edge over a very wide range of flow coefficients, far below the original design point for the
inducer.
This has enormous implications in the current limits for high suction performance inducers.
The suction performance of an inducer is determined by the ability to maintain a good head rise
at very low inlet pressures and suppressing cavitation instabilities. The normalized head rise in an
inducer is the head coefficient, ψ, which is shown in equation 5.2. P02 is the total pressure just
downstream of the inducer and P00 is the inlet total pressure.

ψ=

P02 − P00
2
ρUtip

(5.2)

The cavitation number (σ ) is defined in equation 5.3, where Pv is the fluid vapor pressure.
This is a normalized net positive suction head (NPSH) or a measure of the inlet head conditions.
As the cavitation number decreases, cavitation builds up in the domain. At a critical σ , the pump
is no longer able to supply a good head coefficient because of the cavitation growth on the inducer
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blades. Improving the suction performance of an inducer implies that a good head coefficient can
be supplied at lower cavitation numbers.

σ=

P00 − Pv
2
0.5ρUtip

(5.3)

Cavitation instabilities can also lead to unstable pumping conditions and large rotordynamic forces, which can lead to pump failure. These instabilities prevent inducers from operating
at flow coefficients far below the design point. Because an SCD allows an inducer to operate stably
at very low flow coefficients, huge improvements in suction performance can be achieved. Thus
there is significant motivation to further investigate the stabilizing effects of an SCD.
There are many aspects to the SCD geometry that need to be better understood in order to
optimize the geometry for the best suction performance possible. This includes the SCD bleed slot
location, width of the bleed slot and radial diffuser, the length of the SCD channel, the amount of
resistance in the SCD channel, and the angles of the re-injection and bleed slots. Modifications to
each of these parameters could have a significant effect on the effectiveness of an SCD.
Previously, Oliphant experimentally explored the optimal position of the SCD bleed slot
[5]. It was determined that a good position for the center of the SCD bleed slot was located 90%
of the axial length of the blade throat passage downstream from the blade leading edge. The
following modifications to the SCD geometry will be explored in this chapter: 1) varying the SCD
resistance to change the mass flow rate through an SCD, 2) changing the SCD bleed slot width,
and 3) removing swirl from the fluid as is passes through the SCD channel. This will lead to a
better understanding of the flow physics of a coupled SCD and inducer and how modifications to
the SCD affect the overall flow field.

5.5

Methodology
Computational fluid dynamic (CFD) modeling is employed to investigate the cavitating

performance of various SCD and inducer geometries. Time-accurate, multiphase simulations are
performed with the commercial CFD software Star-CCM+ version 8.02.008. Turbulence is modeled with the Realizable K-ε turbulence model. In this model, it is assumed that the viscous
sublayer is resolved if the mesh is adequately refined near the wall. A dimensionless wall distance
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known as y+ = y · (τw /ρ)1/2 /ν is used to determine if wall functions are required, where τw is
the wall shear stress, ρ is the fluid density, y is the distance to the nearest wall, and ν is the fluid
kinematic viscosity. Wall functions are applied to regions in the mesh where y+ > 30 to accurately
model the viscous sublayer. Cavitation was modeled using the Eulerian multiphase model, which
applies the basic Rayleigh-Plesset formulation [32].
In total, five different SCD geometries were considered in this study. Three different SCD
bleed slot widths were analyzed: 2.7 mm, 4.1 mm, and 12.8 mm. The widths of the SCD bleed
slot correspond to the SCD geometry names SCD2, SCD3, and SCD5 respectively. SCD2 is the
same geometry that was previously explored experimentally with a different inducer blade [5]. It
showed good performance and was used as a reference point for this investigation. SCD3 widened
the bleed slot by nominally 50%. The width for SCD5 was selected to be the same width as the
throat width of the 7◦ inducer, similar to the size of the circumferential groove in the shroud that
was explored previously [25].
A range of mass flow rates through the SCD is considered by varying the resistance through
the SCD channel. Resistance is added to the SCD channel by one of two methods: 1) a sudden
contraction and expansion in the channel or 2) a portion of the SCD channel is modeled as a
porous region. The second method is preferred because it allows multiple SCD resistances to be
considered with only one mesh because the resistance through the porous region can be modified.
The different SCD resistance scenarios are named by adding a letter following the SCD geometry.
For example, the SCD2e geometry has the smallest bleed slot width with increased resistance in
the bleed slot. Single phase results have been explored for nine different SCD resistance values,
however, multiphase simulations are conducted for only two SCD resistance values. The two
resistance values for the multiphase simulations are no added resistance (simply SCD2), and a
resistance setting that produces the minimum SCD mass flow rate to fully suppress backflow at
the blade leading edge for the 7◦ inducer at φ = 0.07. These two resistance values result in single
phase SCD mass flow gains of KSCD = 1.4 and 1.27, respectively.
The last modification to the SCD flow is the removal of the swirl in the fluid as it passes
through the SCD channel. This modification also employs a porous region in the SCD channel with
increased resistance in the tangential direction. These scenarios are labeled with the letters ’ds’. For
example, SCD5ds has the widest bleed slot width and removes swirl in the SCD channel. Figure
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5.3 shows cross-sections of the SCD2e (top), SCD3 (middle), and SCD5ds (bottom) geometries.
Comparing the three images, it is easy to see the differences in the bleed of slot width. The SCD3
channel is also slightly longer than both the SCD2 and SCD5 geometries. The wall added in the
SCD channel in the SCD2e geometry is visible. SCD5 employs a porous region for half of the
SCD channel starting at the middle of the SCD channel and ending right before the end of the
re-injection slot. Added resistance can also be applied in the axial or radial directions so in some

SCD2e

SCD3

SCD5ds
Figure 5.3: Cross-sections of three of the SCD geometries are shown including: SCD2e (top),
SCD3 (middle), and SCD5 (bottom).
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scenarios, the swirl is removed and the mass flow rate through the SCD is lowered. These scenarios
are labeled with ’dse’.
Results from four different inducer geometries are included in this study with inlet blade
angles of 7◦ , 9◦ , 11◦ , and 14◦ . The emphasis of this chapter however are the variations in the SCD
geometry. A polyhedral mesh was generated for each geometry ranging in size from nominally 7
million to 13 million cells, depending on the geometry. A time step of 1.4 × 10−5 seconds was
used for every scenario. It has previously been shown that this time step gave results that showed
good agreement with experimental data (Chapter 2).
Different flow coefficients and cavitation numbers were simulated by modifying the inlet
mass flow rate and outlet pressure boundary conditions. Data from five different flow coefficients
will be shown, however, the majority of the results will focus on φ = 0.07 and φ = 0.042. Each
geometry was originally solved with an applied outlet pressure that was sufficiently high so that
cavitation did not develop within the pump. These results are referred to as the single phase regime.
The outlet boundary was then lowered progressively until cavitation growth in the inducer lead to a
significant reduction in the pump head performance with only minor changes in the inlet operating
pressure. This phenomenon is known as cavitation breakdown.

5.6

Results
The results section of this chapter is separated into three subsections. The first focuses on

how variations in KSCD (caused by added resistance to the SCD channel) affect the single phase
head coefficient of an inducer with an SCD. The second subsection demonstrates a strong correlation between KSCD and area ratio at the inlet of the inducer for both the single phase and multiphase
data. Lastly, a comparison of the cavitation breakdown curves and stability for each SCD geometry
is given.

5.6.1

Variations in the Mass Flow Gain Factor in the Single Phase Regime
The influence of varying KSCD in the single phase regime is explored with the 7◦ inducer

with the SCD2ds and SCD5ds geometries at φ = 0.07. Figure 5.4 shows the single phase head
coefficient as a function of the SCD mass flow gain for these two scenarios. Both curves follow
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Figure 5.4: Head coefficient as a function of the SCD mass flow gain for the 7◦ inducer with the
SCD2ds and SCD5ds geometries at φ = 0.07.

similar trends. Starting at KSCD = 1 (the scenario without an SCD), ψ increases with increasing KSCD . The head coefficient reaches maximum values at KSCD ≈ 1.23 and KSCD ≈ 1.32 for
the SCD2ds and SCD5ds geometries, respectively. As KSCD continues to increase, ψ drops very
gradually.
The primary function of the SCD is not to increase the head coefficient, but to increase
stability. Figure 5.5 shows relative velocity profiles at 98% of the blade span just downstream of
the trailing edge of the 7◦ inducer without an SCD (left) and with the SCD2ds geometry (right)
at φ = 0.07 in the single phase regime. The wake coming off each of the four inducer blades
are easily visible in each velocity profile. The wake momentum thickness is 12.5% of the blade
to blade spacing for the case without an SCD compared to only 6% for the SCD scenario. This
results in an increase in pump efficiency of nominally 5% when the SCD is employed. The smaller
wake at the trailing edge for the SCD scenario is evidence of an improved boundary layer on the
blade. This is at least in part due to the boundary layer suction that occurs near the blade tip at the
SCD bleed slot. Application of boundary layer suction has been observed previously to improve
the performance of a compressor cascade and reduce losses [43]. At a high SCD mass flow gain,
the relative flow angle at the inlet of the blade is larger, resulting in a smaller blade loading at the
inlet of the blade and a reduction in ψ. Thus, the maximum head coefficient is observed at the
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Figure 5.5: Normalized relative velocity profiles at 98% span located 5 mm downstream of the
trailing edge for the 7◦ inducer without an SCD (left) and with the SCD2ds geometry (right) at
φ = 0.07 in the single phase regime.

KSCD value that increases the efficiency of the blade while maintaining a maximum loading on the
inlet of the blade.

5.6.2

The Mass Flow Gain Factor and the Area Ratio
There are many factors that determine the optimal SCD mass flow gain for an inducer with

an SCD including: the SCD geometry, the inducer inlet blade angle, and the inlet flow coefficient.
None of the previous designs of an inducer with an SCD have been designed to operate with a
specified SCD mass flow gain. When the design techniques for optimizing an inducer with an
SCD have become more established, KSCD will be one of the main input variables in designing the
optimal SCD geometry for an inducer. Significant insights into the driving force of the mass flow
through the SCD will be presented here.
Recall that backflow at the blade tip is caused when the diffusion is too large at the inlet
of the blade and the inlet stalls. With the SCD, the stall no longer occurs because of the local
increase in mass flow at the blade leading edge. Figure 5.6 shows the single phase SCD mass flow
gain as a function of 1/AR for all inducer and SCD geometries at all flow coefficients that have
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Figure 5.6: The single phase SCD mass flow gain as a function of 1/AR for all inducers and SCD
geometries at all flow coefficients. The data from the 7◦ and 14◦ inducers with SCD2 is also shown.
Three curve fits are shown, one for all of the single phase data and then one for the data sets from
each of the 7◦ and 14◦ inducers with SCD2.
been explored (the y-axis is shown on a log scale). In this plot, the area ratio is calculated based
on the far upstream flow coefficient (AR = sin(βb )/ sin(arctan(φ ))). The black line is a curve fit
through all of the data, defined as KSCD = 0.9(1/AR)−0.8 . The curve has a good correlation with
the data with an R-squared value of 0.96. The average deviation of the data from the curve fit is
about 10% from the actual KSCD . The strong correlation between KSCD and 1/AR suggests that the
driving force for the mass flow through the SCD is based on the inlet diffusion, which is similar
to the driving force for backflow to occur. This data includes all variations in the SCD geometry
including all SCD bleed slot widths, All resistance values in the SCD (caused by either a sudden
contraction and expansion or by a porous region), and SCD channels that remove the tangential
velocity of the fluid.
The curve fit of all the data shows that a good estimate of KSCD can be made for any inducer
at any flow coefficient if the inlet blade angle and the flow coefficient are known. The scatter in
the data is due, at least in part, to viscous losses in the SCD. This is illustrated by comparing the
data from the 7◦ and 14◦ inducers with the SCD2 geometry. The data from these two scenarios
is also shown separately, each with their own curve fit in Fig. 5.6. The curve fit for each data
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set has a much stronger correlation than for all of the data combined with R2 > 0.999 for both
data sets and an average deviation of 1.4%. At 1/AR ≈ 0.35, the SCD mass flow gain for the 7◦
inducer is KSCD = 2.17, compared to only KSCD = 1.93 for the 14◦ inducer. The flow coefficient for
these two scenarios is φ = 0.042 and φ = 0.084 respectively, which means that the inlet mass flow
rate is twice as large in the 14◦ inducer scenario. The mass flow rate through the SCD channel is
ṁSCD = (KSCD − 1) · ṁinlet , thus even though KSCD is smaller in the 14◦ inducer scenario, the mass
flow rate through the SCD channel is 39.8 kg/s compared to only 24.9 kg/s for the 7◦ inducer. The
increased mass flow rate increases the frictional losses, measured as the total pressure loss between
the inlet of the SCD bleed slot to the leading edge of the inducer, by 26.7% for the 14◦ inducer.
Thus, even though the SCD channel is identical in both scenarios, the viscous losses are higher in
the 14◦ inducer scenario, which lowers the mass flow rate through the SCD.
The SCD mass flow gain decreases with decreasing cavitation number for all SCD and inducer geometries with similar behaviors as shown in Chapter 3 (Fig. 3.12). Cavitation builds up on
the blade and creates blockage in the blade channel, which effectively decreases the throat area and
decreases the driving force for the mass flow through the SCD channel. The same approach, correlating KSCD to 1/AR, can be applied to the cavitating data. The cavitating area ratio is calculated
by multiplying the single phase area ratio by the corrective term 1 − Tc , where Tc is the surface
average of the volume fraction of vapor at the blade throat. To differentiate between the single
phase and multiphase area ratios, the multiphase area ratio will be denoted with the subscript ”c”,
ARc .
Figure 5.7 shows KSCD as a function of 1/ARc for the 7◦ inducer with the SCD2 and SCD2e
geometries at all flow coefficients and all cavitation numbers that were explored. The solid line
shows the curve fit to the single phase data from the 7◦ inducer with SCD2. The trend for the SCD2
data is the same at all flow coefficients. Starting in the single phase regime (on the solid line), KSCD
decreases with a constant 1/ARc . In this section of the curve, no cavitation growth occurs within
the blade throat area, however, significant cavitation growth within the SCD bleed slot increases
the resistance to the flow through the SCD channel, which results in a lower KSCD . For example,
the losses in the SCD channel increase by nominally 47% in the SCD2 data at φ = 0.028 between
the single phase data point (on the solid curve) and the lowest cavitation number before cavitation
growth occurs in the blade throat (dashed line). Once cavitation starts to grow within the SCD
93

Figure 5.7: The SCD mass flow gain as a function of 1/ARc for the 7◦ inducer with the SCD2 and
SCD2e geometries at all flow coefficients and all cavitation numbers explored. Two curve fits are
shown, the single phase SCD2 data (solid) and the line to which all scenarios converge (dashed).

throat, 1/ARc increases and KSCD decreases further. All flow coefficients from the SCD2 data
follow the same curve once cavitation growth occurs within the SCD bleed slot. The curve is
KSCD = 0.87(1/ARc )−0.69 , and is illustrated by the dashed line. Chapter 3 discusses the bleed off
vortex that occurs in the core flow near the SCD bleed off inlet. The vortex is prone to cavitation
and it is observed that KSCD decreases when the cavitation in the bleed off vortex fills the blade
spacing. This cavitation creates blockage in the throat of the inducer, decreasing the driving force
for the mass flow rate through the SCD, which decreases the mass flow rate through the SCD.
For both flow coefficients explored, all of the SCD2e data points lie on the dashed line.
The added geometric resistance in the SCD channel reduces the flow rate through the SCD and
cavitation does not occur within the SCD bleed slot. Thus, KSCD is constant with decreasing
cavitation number until cavitation growth occurs at the throat. This is significant because it shows
that the correlation between KSCD and the inlet diffusion of the inducer still holds when cavitation
is present.
The cavitating data of each inducer and SCD combination exhibited similar behavior as
has been shown for the 7◦ inducer with SCD2 and good correlation between KSCD and 1/ARc
exist. Figure 5.8 shows KSCD as a function of 1/ARc at all cavitation numbers for the following
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Figure 5.8: The SCD mass flow gain as a function of 1/ARc at all cavitation numbers explored
for the following geometries: the 7◦ inducer with the SCD3 at φ = 0.07 and φ = 0.042 (top left),
the 9◦ inducer with SCD2 at φ = 0.07 and φ = 0.042 (top right), the 14◦ inducer with the SCD2
and SCD2dse geometries at φ = 0.07 (bottom left), the 7◦ inducer with SCD5 at φ = 0.07 and
φ = 0.042 (bottom right). The dashed line in each figure shows the curve fit to the cavitating data
for the 7◦ inducer with SCD2.
geometries: the 7◦ inducer with the SCD3 at φ = 0.07 and φ = 0.042 (top left), the 9◦ inducer
with SCD2 at φ = 0.07 and φ = 0.042 (top right), the 14◦ inducer with the SCD2 and SCD2dse
geometries at φ = 0.07 (bottom left), the 7◦ inducer with SCD5 at φ = 0.07 and φ = 0.042 (bottom
right). The dashed line in each figure shows the curve fit to the data for the 7◦ inducer with SCD2
cavitating data. Results from the 7◦ inducer with SCD3 match the results from the same inducer
with SCD2 very closely with an average deviation of only 2%. The 9◦ inducer with SCD2 at both
flow coefficients is shifted up nominally 9% from the dashed line. The data from the 14◦ inducer
with both SCD2 and SCD2dse at φ = 0.07 also agree well with the dashed line with an average
deviation of nominally 4%. The data from the 7◦ inducer with SCD5 at φ = 0.07 and φ = 0.042
exhibits the greatest deviation, reaching as high as 25%. The general shape of the SCD5 data is
different as well. The different behavior of this geometry is likely caused by the position of the
SCD bleed slot. While the centerline of the bleed slot is in the same position relative to the blade
as the SCD2 and SCD3 geometries, the upstream edge of the bleed slot is at the leading edge of
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the inducer (see Fig. 5.3). It is believed that the driving force for the fluid entering the SCD is less
dependent upon the inlet diffusion at the inducer leading edge because of the positioning of the
upstream edge of the SCD bleed slot.
Sufficient data has been obtained for the SCD2 geometry that a good estimate of KSCD can
be provided for both the single phase and cavitating regimes of an inducer with the SCD2 geometry,
as long as the area ratio is known. For the cavitating data, knowledge of how the area ratio changes
with cavitation number is needed for a good estimate of KSCD to be given for any cavitation number.
Figure 5.9 shows 1/(φ · ARc ) as a function of the cavitation number for the 7◦ inducer with SCD2
and SCD5 at φ = 0.07 and φ = 0.042, the 9◦ inducer with SCD2 at φ = 0.07 and φ = 0.042, and the
14◦ inducer with SCD2 at φ = 0.07. These geometries were chosen to give a sampling of different
inducer geometries, SCD geometries, and flow rates. The same conclusions would be drawn if
the data from all scenarios were included in the figures. With the small angle approximation,
1/(φ · ARc ) simplifies to 1/Athroat , where Athroat is the area of the blade throat (see Fig. 5.2).
Thus, for σ > 0.1, the Athroat is only dependent upon the inlet blade angle of the inducer and is
unaffected by cavitation at high cavitation numbers. At low cavitation numbers (σ < 0.06), 1/ARc
increases as cavitation blocks the throat area. The data for each inducer, SCD geometry, and flow

Figure 5.9: 1/(φ · ARc ) is shown as a function of the cavitation number for the 7◦ inducer with
SCD2 and SCD5 at φ = 0.07 and φ = 0.042, the 9◦ inducer with SCD2 at φ = 0.07 and φ = 0.042,
and the 14◦ inducer with SCD2 at φ = 0.07.
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coefficient collapse to a single curve at σ < 0.3, meaning that for σ < 0.03, the area of the throat
of the blade is independent of flow coefficient, inducer blade angle, and the SCD geometry. In
this regime, significant cavitation that is present on the blades is the dominant factor in the inducer
performance. The curve that all of the data converges to at low σ is 1/(φ · ARc ) = 0.48σ −0.78 .
Based on the information shared in this section it can be concluded that at low cavitation
numbers the SCD mass flow gain is dominated by the cavitation in the domain and inducer geometry, SCD geometry, and inlet flow coefficient all have negligible effects. The importance of this
result should not be understated. One of the primary goals of an inducer that employs an SCD is
to improve suction performance by maintaining an acceptable head coefficient at lower cavitation
numbers. Regardless of inducer or SCD geometry, the inlet flow conditions at the leading edge are
nominally the same at low cavitation numbers. Thus, modifications to the SCD geometry are not
likely to produce significant changes in the suction performance of an inducer However, the inlet
flow conditions are known at the cavitation numbers where improved suction performance is desired. An inducer designed to operate with these conditions could lead to significant improvements
in the suction performance of an inducer.

5.6.3

Cavitation Breakdown
One of the ultimate goals of the SCD is to increase the stability of an inducer so that stable

operation can be maintained at lower cavitation numbers. The effects of variations in the SCD
geometry on the suction performance of each inducer will be shown in this section. Figure 5.10
shows ψ as a function of σ for the 7◦ inducer with the SCD2, SCD2e, SCD2ds, SCD3, and SCD5ds
geometries at φ = 0.07 and φ = 0.042. Only the 7◦ inducer data is shown because most of the SCD
geometry variations were explored with only that inducer. If the cavitation breakdown curves were
shown for the other inducer geometries with variations in the SCD geometry, the same conclusions
would be drawn. The single phase head coefficient varies based on SCD mass flow gain. SCD
geometries that limit the SCD mass flow rate have an increased head coefficient in the single phase
regime. This follows a similar trend to the discussion given for Fig. 5.4. Similarly, removing the
swirl from the fluid in the SCD channel also increases the load on the inlet of the inducer and the
head coefficient is increased in the single phase regime for the SCD2ds and SCD5ds geometries.
For all SCD geometries, breakdown occurs at nominally the same cavitation number and appears
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Figure 5.10: Cavitation breakdown curves showing ψ as a function of σ for the 7◦ inducer with
the SCD2, SCD2e, SCD2ds, SCD3, and SCD5ds geometries at φ = 0.07 (circles) and φ = 0.042
(squares).

to be independent of the SCD geometry. The first drop in head coefficient occurs at nominally
σ = 0.023 and σ = 0.013 for φ = 0.07 and φ = 0.042 respectively.
The main difference in each of the breakdown curve is the head coefficient prior to breakdown. The head coefficient ranges from ψ ≈ 0.31 to ψ ≈ 0.33 for the φ = 0.07 results and ψ ≈ 0.42
to ψ ≈ 0.45 for φ = 0.042. The effects of KSCD on the single phase ψ has been discussed in section
5.6.1. Removing the swirl in the fluid that passes through the SCD channel increases the blade incidence on the leading edge, which increases the loading on the inlet of the blade and ψ increases.
Thus, each SCD geometry has a slightly different single phase head coefficient based on the single
phase KSCD value and the swirl at the leading edge. At low cavitation numbers when the head
performance has declined from the single phase value, the head coefficient becomes independent
of the SCD geometry. This corresponds with the range of σ where KSCD is also independent of
SCD geometry. At these cavitation numbers, the velocity profiles at the leading edge of the blade
are similar for all SCD geometries and so the same head coefficient is produced.
Other inducer geometries also exhibit no changes in the shape of the cavitation breakdown
curve with variations in the SCD geometry. Thus, modifications to the SCD geometry do not
significantly effect the cavitation number where the pump performance starts to decline due to

98

cavitation. Even though the shape of the breakdown curves is the same, variations in the SCD
geometry have a significant effect on the stability of the inducer. A cavitation surge event is observed in some of the scenarios that have been explored. The surge creates large fluctuations in the
mass flow rate through the SCD, which causes large pressure fluctuations in the domain and generates large rotordynamic forces on the inducer. In some cases, the cavitation surge is sufficiently
large that stable operation could not be achieved in practice. The SCD2 geometry is particularly
susceptible to cavitation surge, however, no surge event is observed in any of the SCD5 geometry
scenarios. Adding resistance and removing swirl in the SCD channel both help to suppress or at
least dampen the SCD surge event. An in depth analysis of the cavitation surge event that occurs
in inducers with an SCD is given in chapter 6.
Removing the swirl in the SCD channel not only removed the swirl at the leading edge of
the inducer but had a significant effect on the velocity profile near the SCD re-injection slot. A region of backflow located at the re-injection slot in the core flow is common in inducers that operate
with an SCD. Figure 5.11 shows axial velocity contour plots for the 14◦ inducer with the SCD2
and SCD2dse geometries in the single phase regime at φ = 0.07. The average tangential velocity
of the core flow near the reinjection slot increases as KSCD increases (Fig. 4.8). KSCD increase with
increasing blade angle so the 14◦ inducer is shown because the average tangential velocity for this
scenario is the largest in the core flow, however, this is representative of all geometries that are
explored. For the SCD2 scenario, where swirl is not removed in the SCD channel, backflow is observed upstream of the re-injection slot along the shroud. This backflow does not lead to significant
cavitation blade instabilities on the blade; however, cavitation growth has been observed where the
core flow is accelerated due to the backflow. In addition, as the pump is operated at lower flow
coefficients, the backflow continues to extend further upstream of the re-injection slot. The backflow at the re-injection slot is clearly suppressed in the SCD2dse scenario. When the fluid being
re-injected into the core has a tangential velocity, a pressure gradient forms with a high pressure
on the shroud wall and a lower pressure in the core flow. Figure 5.12 shows the shroud pressure
as a function of the axial position for these same two scenarios. The high pressure on the shroud
wall caused by the swirling fluid creates an adverse pressure gradient and causes backflow. When
the swirl is removed, there is almost no pressure gradient in the radial direction at the re-injection
location and subsequently backflow is suppressed.
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SCD2

SCD2dse
Figure 5.11: Axial velocity scalar plots for the 14◦ inducer with the SCD2 geometry (top) and
SCD2dse geometry (bottom) in the single phase regime at φ = 0.07.
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Figure 5.12: The shroud wall pressure as a function of the axial position for the 7◦ inducer at
φ = 0.042 with the SCD2 geometry (Swirl) and the SCD2ds geometry (Deswirl).

5.7

Conclusion
Inducer performance has been analyzed with variations in the SCD geometry. Specifi-

cally, variations in the SCD bleed slot width, SCD channel resistance, and removing the tangential
velocity in the SCD channel have been explored on four different inducer geometries and flow
coefficients ranging from φ = 0.084 to φ = 0.014 under cavitating and non-cavitating conditions.
In the single phase regime, varying the mass flow rate through the SCD channel can change
the head coefficient by as much as 10%. The efficiency of the inducer is improved when an SCD
is employed. For a given inducer and SCD geometry, the maximum head coefficient occurs at the
KSCD that minimizes the losses due to backflow at the leading edge while maintaining a maximum
blade loading.
For all inducers and SCD geometries, KSCD has a very strong relationship with 1/AR, where
the area ratio is based on the far upstream flow coefficient. This holds for both single phase and
multiphase simulations. The cavitation number where cavitation starts to develop in the blade
throat is only dependent upon the inlet blade angle. This information can be used to develop an
initial estimate of KSCD at all flow coefficients and cavitation numbers for inducers that employ the
SCD2 and SCD3 geometries. At low cavitation numbers, all inducer and SCD geometries operate
with the same SCD mass flow gain. This means that while modifications to the SCD change KSCD
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in the single phase regime, these changes do not affect the inducer inlet conditions at low cavitation
numbers when the flow physics is dominated by cavitation.
Variations in the SCD geometry affect the single phase head coefficient, however, the overall shape of the breakdown curve is unaffected by changes in the SCD geometry. This is likely due
to the fact that at low cavitation numbers, the inlet flow conditions are the same for all SCD geometries. The shape of the breakdown curve is therefore, determined by the inducer geometry. The
stability of the inducer is affected by the SCD geometry. A region of backflow at the re-injection
location is suppressed when the tangential velocity is removed from the fluid as it passes through
the SCD channel.
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CHAPTER 6.
CAVITATION INSTABILITIES IN INDUCERS THAT EMPLOY A STABILITY CONTROL DEVICE

This chapter is a paper to be submitted to the Journal of Fluids Engineering of the American Society of Engineers. The formatting of this paper has been modified to meet the stylistic
requirements of this dissertation.

6.1

Contributing Authors and Affiliations
Ryan Lundgreen, Daniel Maynes, Steven Gorrell Department of Mechanical Engineering,

Brigham Young University, Provo, Utah 84602, USA Kerry Oliphant Concepts NREC, White
River Junction, Vermont 05001, USA

6.2

Abstract
Cavitation instabilities are a primary concern for high suction performance pumps. Cavi-

tation instabilities can cause significant structural damage, unstable pumping conditions, and total
pump failure. Some significant cavitation instabilities that are observed in inducers are cavitation
surge, rotating cavitation, and alternate blade cavitation. The stability control device (SCD) has
been shown to suppress cavitation instabilities under most conditions. However, some cavitation
instabilities have been observed in inducers that operate with an SCD. Computational fluid dynamics are used to investigate the physical phenomenon that leads to the generation of cavitation
instabilities when an inducer employs an SCD. Cavitation instabilities that are observed in inducers with an SCD are similar to inducers without an SCD, however, the physics that lead to the
generation of the instabilities is unique to inducers operating with an SCD.
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6.3

Introduction
In many pumping applications it is required to operate with a very low suction head. While

a pump is operating under these conditions, the cavitation that is produced by the high rotational
speeds of the impeller is a critical concern. Cavitation can cause structural damage to the rotor,
decrease pump efficiency, and transient cavitation instabilities can develop that lead to unstable
pumping conditions. These cavitation instabilities can occur at both on- and off-design flow points.
Inducers are often used to improved the cavitation performance of a pump, delaying the onset of the
detrimental effects caused by cavitation to lower inlet pressures, thus allowing pumps to operate
stably with a lower suction head. However, cavitation instabilities are still generated within an
inducer and these limit the range of flow rates where stable operation can be achieved.
It has been shown that the implementation of an inlet cover bleed system, known as a stability control device (SCD), can significantly increase the stability of an inducer [4,5,31]. Regions
of cavitation instability that were observed for an inducer operating without the SCD were completely suppressed when the SCD was added to the geometry. The stabilizing effect of the SCD
allows inducers to operate stably over a wider range of flow coefficients, which allows it to operate
with much lower suction head. However, some cavitation instabilities have been observed in inducers operating with an SCD. These instabilities are sensitive to both the bleed slot location and
the bleed slot width [5]. The focus of this paper is to analyze the conditions that lead to the onset
of cavitation instabilities in inducers operating with an SCD.

6.4

Background
It has been known that cavitation instabilities are problematic for inducers for many decades

[20]. In particular, cavitation surge leads to large fluctuations in the mass flow rate and pressure in a
pumping system. The oscillations that develop can lead to complete pump failure [16]. Cavitation
surge is known to occur when one of two conditions are met within a pump. The first is based on
the pump performance curve, which is a plot showing the inducer head coefficient as a function
of the flow coefficient. Equation 6.1 defines the head coefficient, which is the difference in total
pressure downstream of the inducer (P02 ) and the total pressure upstream of the inducer (P00 ),
normalized by the fluid density, ρ, and the square of the blade tip speed, Utip . In some occasions,
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the head coefficient uses the static pressure downstream instead of the total pressure. When this is
the case, the head coefficient is written as ψts , where the subscript ts means total to static pressure
difference.

ψ=

P02 − P00
2
ρUtip

(6.1)

The flow coefficient is a normalized flow rate through the SCD and is shown in equation
6.2. The inlet mass flow rate is denoted as ṁinlet and the cross-sectional area of the pump at the
leading edge of the inducer is denoted as ALE .

φ=

ṁinlet
ρALE Utip

(6.2)

The performance curve shows the pump head coefficient as a function of the flow coefficient. When this curve has a positive slope, a differential increase in flow rate will result in an
increase in head coefficient, which increases the momentum of the flow through the inducer leading to an additional increase in flow rate. If the system contains a level of compliance (meaning the
volume of fluid within the system can change), the positive feedback will lead to a surge event [11].
The compliance within an inducer is caused by the existence of cavitation within the pump.
The second condition that can lead to surge within a pump is based on the mass flow gain
factor, M, and the cavitation compliance, K. It was first suggested by Brennen that M and K
played a significant role in determining the stability of a cavitating pump [12]. The mass flow gain
factor is defined as M = ∂V f /∂ i where V f is the cavitation volume in the system normalized by
ALE and i is the blade incidence angle. A positive mass flow gain factor occurs when the vapor
cavity decreases with increasing flow rate (decreasing incidence). When this occurs, the flow rate
is further increased as fluid is forced to fill the collapsing vapor cavity volume. This provides
positive feedback to the system and can ultimately lead to cavitation surge. The mass flow gain
factor is generally always positive [11]. The cavitation compliance is defined as K = −∂V f /∂ σ .
The cavitation number σ is shown in equation 6.3 where Pv is the fluid vapor pressure.

σ=

P00 − Pv
2
0.5ρUtip
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(6.3)

As the pressure decreases within a system, the cavitation within the system will increase
resulting in a positive cavitation compliance. A positive cavitation compliance stabilizes the system
and can counteract the negative effects of a positive mass flow gain factor. Tsujimoto developed
the onset condition for cavitation surge as defined in equation 6.4 [11].

M ≥ 2(1 + σ )φ K

(6.4)

Developments in inducer design have improved the cavitation performance of inducers,
minimizing cavitation instabilities in the operational zone of inducers [3]. Modifications to the
inducer blade geometry such as the blade tip, blade sweep, blade thickness, and blade solidity all
have a significant effect on the cavitation performance of the inducer [17, 44, 45].
Modifications to the inducer shroud or covering have a significant effect on stabilizing
the flow through an inducer [25, 37, 39, 46]. Inlet cover bleed systems in particular have been
shown previously to enhance the stability of a pump while operating at very low flow coefficients
[4, 5, 26, 29, 31]. The stability control device (SCD) is an inlet bleed cover treatment invented by
Japikse in 2004 [30]. An image of a generic SCD geometry is shown in Fig. 6.1. The SCD bleed
slot is located just downstream of the inducer leading edge where the fluid then enters a radial
diffuser and then is re-injected into the core flow back upstream of the inducer.
In between the SCD re-injection location and the SCD bleed slot, there is a local increase
in mass flow rate through the inducer core. This allows the inducer to operate with a much higher
leading edge flow coefficient than the inlet flow coefficient. Backflow is the most important secondary flow that occurs in an inducer and can lead to significant flow instabilities [2]. At low

Figure 6.1: Schematic illustration of an inducer with a stability control device.
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inlet flow coefficients, the blade incidence increases, which increases the effects of backflow at the
leading edge of the pump. The increased leading edge flow coefficient that occurs when an SCD
is implemented decreases the blade incidence and can suppress backflow even at flow coefficients
far below the design value.
Along with the suppression of backflow, it has been observed experimentally that the implementation of an SCD can suppress all cavitation instabilities that were previously observed in
inducers without an SCD [4, 5]. These cavitation instabilities include rotating cavitation, alternate
blade cavitation, and cavitation surge. Each of these instabilities result in large oscillating rotordynamic forces that can lead to a catastrophic pump failure [2]. It is believed that backflow plays
a significant role in the development of each of these instabilities. Because the backflow is fully
suppressed at the blade leading edge, these instabilities are suppressed when an inducer operates
with an SCD.
Generally, a significant improvement in the inducer stability and suction performance have
been observed with the implementation of an SCD. However, some cavitation instabilities have
been observed in some inducers operating with an SCD. In some cases, these instabilities are
unique to inducers operating with an SCD. This paper will review the cavitation instabilities that
occur in inducers operating with an SCD and the physical phenomena that lead to the generation
of these instabilities. In addition, an approach to design an SCD capable of avoiding the SCD
instabilities will be provided.

6.5

Methodology
Computational fluid dynamics (CFD) has been employed to explore the performance of

various SCD and inducer geometries. The commercial CFD software package Star-CCM+ version
8.02.008 was employed to simulate the transient multiphase simulations. Turbulence was modeled
using the Realizable Two-layer K-ε model. The standard multiphase Rayleigh-Plesset formulation
was employed as the cavitation solver. A typical solution required approximately three weeks of
computation time on 256 parallel processors, which resulted in nominally 0.5 seconds of solution time. For some cases where significant cavitation instabilities were observed, as long as two
seconds of solution time was obtained.
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Four different inducer blade geometries were considered in this paper. Each inducer had
approximately the same solidity, tip clearance, leading edge sweep, blade number, and exit blade
angle. The main difference between the four inducers was the inlet blade angle (βb ), which varied
from βb = 7◦ , 9◦ , 11◦ , and 14◦ . Each of the inducer geometries can be seen in Fig. 6.2. Because
the same solidity is maintained, the axial length of the blade increases with increasing inlet blade
angle. It is also easy to see that the blade passage area increases with increasing blade angle as
well.
Multiple SCD geometries have been considered as well. The first modification to the SCD
geometry is the SCD bleed slot width (refer to Fig. 6.1). Three different bleed slot widths are
analyzed including 2.7 mm, 4.1 mm, and 12.8 mm, and they will be referred to as SCD2, SCD3,
and SCD5 respectively. All of the images in Fig. 6.2 show the smallest SCD bleed slot geometry
(SCD2). The second modification to the SCD geometry was an increased resistance in the SCD
channel to lower the mass flow rate through the SCD. SCD geometries that restrict the flow through
the SCD are denoted by the letter ”e” for example, SCD2e would be the smallest SCD bleed slot
with a reduced mass flow rate through the SCD. Resistance is added to the SCD channel by one
of two methods: 1) a sudden contraction and expansion in the channel or 2) a portion of the SCD
channel is modeled as a porous region. The second method is preferred because it allows multiple
SCD resistances to be considered with only one mesh because the resistance through the porous
region can be modified.
Removing the tangential velocity in the fluid passing through the SCD is also considered.
This is achieved by increasing the resistance in the tangential direction in the porous region in
the SCD channel. In practice, deswirl vanes would be positioned within the SCD channel to
remove the swirl. SCD geometries that remove the swirl are named with the letters ”ds”, e.g.,
SCD5ds would be the SCD5 geometry that removes the swirl from the fluid passing through the
SCD channel. Combinations of removing swirl and restricting the flow rate through the SCD were
also considered and are denoted by ”dse”. A summary of all of the SCD geometries explored in
this paper is given in table 6.1. The center of the bleed slot remained the same for every SCD and
inducer geometry; it was positioned 90% of the axial length of the blade throat passage downstream
from the blade leading edge.
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βb = 7◦

βb = 9◦

βb = 11◦

βb = 14◦

Figure 6.2: The four different inducer blades explored with an SCD with similar blade characteristics with the major difference being the inlet blade angle, βb . Inlet blade angles include βb = 7◦
(top left), βb = 9◦ (top right), βb = 11◦ (bottom left), and βb = 14◦ (bottom right).
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Table 6.1: A summary of all of the SCD geometries that are explored in this paper.
SCD Name
SCD2
SCD2e
SCD2ds
SCD2dse
SCD3
SCD5
SCD5e

Bleed Slot Width, mm
2.7
2.7
2.7
2.7
4.1
12.8
12.8

Decreased ṁSCD
No
Yes
No
Yes
No
No
Yes

Removed Cθ
No
No
Yes
Yes
No
No
No

All of the meshes were generated in Star-CCM+. The polyhedral mesh sizes varied significantly depending on the SCD and inducer geometries. The smallest mesh consisted of over 6
million cells while the maximum reached over 13 million cells. The same base size mesh characteristics were used for all meshes with local refinement near the inducer blades. The increased
axial length of the inducer and also the increased blade passage area for the larger inlet blade angle
inducers significantly increased the number of cells within the mesh. Prism layers were used to
better capture the boundary layer at the shroud wall and on the inducer blades. The average wall
y+ for each geometry was nominally 10. The mesh for the 7◦ inducer with the SCD5 geometry is
shown in Fig. 6.3. The mesh is displayed on a cross-section through the inducer as well as on the
inducer surface. A close up of the mesh on the blade surface in the bottom image shows the prism
layers along both the blade and wall surfaces and clearly shows that the inducer blade surface is
well resolved.
Time and grid independence studies were performed on the 7◦ inducer and SCD2 geometry. Table 6.2 shows a comparison of important monitors used for convergence for a case with
significant cavitation within the domain. The monitors are shown for the 1.4 × 10−5 second time

Table 6.2: Comparison of important monitors for converged solutions with varying time steps for
the 7◦ inducer with the SCD2 geometry at φ = 0.07. Percent changes in the monitors are
calculated from the 1.4 × 10−5 seconds time step solution.
Time Step (seconds)
σ
ψ
ṁSCD (kg/s)
−4
1.1 × 10
-1.93% -0.26%
-1.8%
−5
2.8 × 10
-1.34% -0.74%
-1.5%
−5
1.4 × 10
0.0223 0.272
39.6
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Figure 6.3: The mesh of the 7◦ inducer with the SCD5 geometry displayed on a cross-section
through the pump and on the inducer surface. A large section of the mesh is shown (top), and a
close up of the refined mesh near the inducer blade is shown (bottom).
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step solution. All other time step monitors are reported as a percent change from the more refined
time step. There was little difference between each of the converged monitors with the largest
differences found in the calculated mass flow rate through the SCD.
More refined time steps were also explored down to as low as 5 × 10−6 seconds time steps.
The converged data points were within 1% of the 1.4 × 10−5 seconds time step solutions. In
addition, results from the more refined time step solutions simply shifted slightly along the same
breakdown curves and the cavitation instabilities were observed in the same range of cavitation
numbers as the 1.4 × 10−5 seconds time step solutions. It was determined that a time step of
1.4 × 10−5 seconds was sufficient to determine the machine performance and identify regions of
cavitation instability for these geometries.
Simulations were conducted within a rotating reference frame with a mass flow rate inlet
condition and an outlet pressure boundary. Multiple inlet mass flow rates were considered to
analyze flow coefficients ranging from φ = 0.07 to φ = 0.014. At a single flow coefficient, initially
a solution would be solved for with a very high outlet pressure boundary condition, where no
cavitation was present within the domain. Then, the back pressure would be progressively lowered
to analyze the cavitating performance of the inducer. This paper will focus on the cavitating results
with particular interest given to the cases where cavitation instabilities were observed.

6.6

Results
In general, it has been observed that an inducer operating with an SCD is able to suppress

cavitation instabilities that occur in an inducer without an SCD. Thus, the stability of an inducer
is greatly enhanced with the implementation of an SCD. However, this work has shown that a few
cavitation instabilities exist in inducers operating with an SCD. An analysis of these instabilities
is required to determine the physics that leads to their generation. This will allow for future SCD
designs to avoid the cavitation instabilities observed for inducers with an SCD.
Limited cases of cavitation surge, rotating cavitation, and alternate blade cavitation have all
been observed in inducers operating with an SCD. These instabilities are similar to other cavitation
instabilities observed without the SCD, however, in most cases the underlying physics that leads to
these instabilities is different and unique to the SCD geometry. It is also important to note that SCD
cavitation instabilities are not observed in every SCD and inducer combination, which leads to the
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conclusion that a properly designed SCD can suppress not only the typical cavitation instabilities
observed in inducers but also the SCD cavitation instabilities.
Cavitation surge is the most common instability that is observed in inducers operating with
an SCD. The cavitation surge event has been observed at different flow rates and with different
SCD geometries. It is typically observed over a narrow range of cavitation numbers where the
cavitation growth in the pump has caused a decline in the head coefficient. Large oscillations in
the mass flow rate through the SCD and in the cavitation volume within the SCD are observed
during a cavitation surge event, which will be referred to as an SCD surge throughout this paper.
The effects of the surge are not limited to only the SCD. Large fluctuations in the pump inlet
pressure and the mass flow rate at the outlet of the pump occur when the SCD surge event occurs.
Table 6.3 is a summary of the occurrence of the SCD surge event. All inducer and SCD
geometry combinations are shown at all flow coefficients considered along with the range of cavitation numbers where the SCD surge is observed and the normalized surge magnitude, where ṁsurge
is the magnitude of the surge. The SCD surge event is observed in just less than half of the inducer
and SCD geometries that are explored. If a significant surge event is defined to have a surge magnitude greater than 10% of the inlet mass flow rate, only six of the 23 different scenarios exhibit
a significant surge event. The SCD2 geometry is the most susceptible of the SCD geometries to
develop an SCD surge event with nearly all of the significant surge events occurring in inducers
operating with the SCD2 geometry. In contrast, the surge event is not observed in any of the scenarios that employ the SCD5 geometry. Increasing the SCD resistance to lower the SCD mass flow
rate (denoted by ”e”) as well as removing the swirl in the SCD (”ds”) both help to suppress the
SCD surge or at least significantly decrease the surge magnitude. For the same SCD geometry, the
surge magnitude increases with increasing blade angle.
In order to fully explain why the SCD surge event occurs, the SCD system needs to be
analyzed separately from the entire pump. The SCD system is the flow loop starting at the core flow
just downstream of the re-injection location, continuing through the inlet of the inducer, entering
the SCD bleed slot and the SCD channel. While the inducer is operating at a constant inlet flow
rate (φinlet ), the inducer leading edge and the SCD system operate at a higher leading edge flow
coefficient (φLE ) because of the local increase in mass flow rate between the SCD re-injection and
bleed off slots. As the cavitation number decreases, cavitation grows on the inducer blades and
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Table 6.3: A summary of the occurrence of SCD surge for each inducer geometry, SCD geometry,
and flow coefficient. The range of cavitation number where the surge event is observed as well as
the normalized surge magnitude are also shown.

βb
7◦
7◦
7◦
7◦
7◦
7◦
7◦
7◦
7◦
7◦
7◦
7◦
7◦
7◦
7◦
7◦
9◦
9◦
9◦
11◦
11◦
14◦
14◦

SCD
SCD2
SCD2
SCD2
SCD2
SCD2e
SCD2e
SCD2ds
SCD2ds
SCD2dse
SCD2dse
SCD3
SCD3
SCD5
SCD5
SCD5e
SCD5e
SCD2
SCD2
SCD2e
SCD2
SCD2e
SCD2
SCD2dse

φinlet
Surge Range
0.070 0.0223 ≤ σ ≤ 0.023
0.042
σ ≤ 0.0121
0.028
σ ≤ 0.007
0.014
NA
0.070
NA
0.042
NA
0.070 0.0218 ≤ σ ≤ 0.0224
0.042
σ ≤ 0.0157
0.070
NA
0.042
NA
0.070 0.0226 ≤ σ ≤ 0.0236
0.042
NA
0.070
NA
0.042
NA
0.070
NA
0.042
NA
0.070
σ ≤ 0.025
0.042
NA
0.070
σ ≤ 0.021
0.070
σ ≤ 0.03
0.070
NA
0.070
σ ≤ 0.033
0.070 0.023 ≤ σ ≤ 0.026

ṁsurge /ṁinlet
0.13
0.44
0.03
NA
NA
NA
0.03
0.02
NA
NA
0.03
NA
NA
NA
NA
NA
0.40
NA
0.01
0.56
NA
0.90
0.25

Onset
σ < 0.0235
σ < 0.0143
σ < 0.0095

σ < 0.0233
σ < 0.0155

σ < 0.0236

σ < 0.026
σ < 0.0212
σ < 0.034

0.023 < σ < 0.0264

within the SCD bleed slot, resulting in a decrease in the SCD mass flow rate (and φLE ); thus at
each cavitation number the SCD system is operating at a different φLE even though the inlet φ is
constant.
The normalized cavitation volume in the SCD system is shown as a function of the cavitation number (left) and as well as blade incidence (right) in Fig. 6.4 for the 7◦ and 9◦ inducers with
the SCD2 geometry at φ = 0.07 (top) and φ = 0.042 (bottom). These curves are representative
of all geometries. The curves are only shown at low cavitation numbers where the surge event is
observed. A curve fit to each data set is generated using a Bezier polynomial. The derivatives of

114

Figure 6.4: Normalized cavitation volume in the SCD system is shown as a function of cavitation
number for the 7◦ and 9◦ inducers with SCD2 at φ = 0.07 (top left) and φ = 0.042 (bottom left).
V f shown as a function of incidence for the 7◦ and 9◦ inducers with SCD2 at φ = 0.07 (top right)
and φ = 0.042 (bottom right). A Bezier polynomial curve fit is also shown in each plot, where the
slope of the left figures represents the cavitation compliance and the slope of the right figures is
the mass flow gain factor.

the Bezier polynomial can be calculated to determine the cavitation compliance and mass flow gain
factor. These two parameters are used to determine if the onset condition for cavitation surge has
been met. Recall that the negative of the slope of the left image is the cavitation compliance and is
generally positive, which stabilizes the flow. The slope of the right curve is is the mass flow gain
factor, which is also generally positive but gives positive feedback to the system and can lead to
cavitation surge. The slope of each of these curves follows the general trend (a negative slope in the
left images and a positive slope on the right images) for the majority of the operating region of the
pump, however, at low cavitation numbers the cavitation compliance becomes negative, meaning
that the cavity volume in the SCD system is decreasing with decreasing cavitation number.
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A negative cavitation compliance has not been observed in pumps previously [11]. The
negative cavitation compliance in the SCD system is caused by a reduction in the mass flow rate
through the SCD. As the cavitation number decreases, cavitation builds up on the inducer blades
and reduces the driving force to push the fluid through the SCD, thus lowering the SCD mass flow
rate. As the SCD mass flow rate decreases, the velocities in the SCD bleed slot also decrease
allowing the fluid static pressure to increase above the vapor pressure and the cavitation bubbles
collapse even though the pump is operating at a lower cavitation number.
Figure 6.5 shows iso-surfaces of the volume fraction of vapor equal to 0.1. This depicts
where cavitation occurs within the domain of the 7◦ inducer with the SCD2ds geometry with
an inlet flow coefficient of φ = 0.042 at σ = 0.0157 (left) and σ = 0.0097 (right). Cavitation
completely covers most of the inducer blade that is visible. The SCD bleed slot, which contains
all of the cavitation that extends beyond the radius of the inducer blade tip, contains a significant
amount of cavitation in both images, although the outer radius of the cavitation has clearly receded
to a lower radial coordinate in the σ = 0.0097 image. In fact, the cavitation volume in the SCD

σ = 0.0157

σ = 0.0097

Figure 6.5: Iso-surface of vapor fraction of 0.1 show where cavitation is located within the 7◦
inducer operating with the SCD2ds geometry at φ = 0.042 at two cavitation numbers: σ = 0.0157
(left) and σ = 0.0097 (right).
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system has decreased nominally by 35% as the cavitation number dropped from σ = 0.0157 to
σ = 0.0097. Likewise, the mass flow rate through the SCD decreased from 42% of minlet to 16%
of ṁinlet over the same range of cavitation numbers, significantly lowering the velocities in the
SCD bleed slot. Even though the total pressure in the system is dropping with cavitation, the
static pressure gained by the lower velocity magnitudes in the bleed slot decreases the amount of
cavitation, resulting in a negative cavitation compliance in the SCD system. It should be noted
that if the entire pumping system is considered, the cavitation compliance remains positive at all
operating points.
Using the Bezier polynomial curve fits as shown in Fig. 6.4, the onset condition for cavitation surge is calculated from equation 6.4 for the 7◦ and 9◦ inducers with the SCD2 geometry at
both φ = 0.07 and φ = 0.042. A plot of the onset condition for both scenarios is shown in Fig. 6.6,
where M − 2(1 + σ )φ K is plotted as a function of σ . When M − 2(1 + σ )φ K > 0, Tsujimoto has
state that cavitation surge will occur [11]. At φ = 0.07, the onset condition for cavitation surge is
met for the 7◦ inducer at σ < 0.023 and for the 9◦ inducer it is met at σ < 0.026. These are the
same cavitation numbers where the first surge event is detected from the numerical modeling for
each of these inducers. At φ = 0.042, the calculation of the onset condition again agrees very well

Figure 6.6: The cavitation surge onset condition, M − 2(1 + σ )φ K, is shown as a function of
cavitation number, σ . The onset condition for cavitation surge is satisfied anywhere that M −
2(1 + σ )φ K is greater than 0.
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with the first cavitation number where surge is observed from the simulations for the 7◦ inducer.
The surge onset condition is met at σ ≈ 0.013 and surge is first observed at σ = 0.012. Although
the M − 2(1 + σ )φ K parameter goes positive at σ ≈ 0.009 for the 9◦ inducer at φ = 0.042 with
SCD2, surge is not observed for any of the cavitation numbers explored.
Analyzing the onset condition for all of the scenarios explored yields similar results. The
cavitation number where the onset of cavitation surge is predicted based on equations 6.4 is shown
in table 6.3. In every numerical simulation where cavitation surge is observed, M −2(1+σ )φ K > 0
because of a negative cavitation compliance. This is true of every SCD and inducer geometry. It
can be concluded that a negative cavitation compliance within the SCD is the driving force behind
the SCD surge instability. This however, does not completely describe the phenomenon. A negative
cavitation compliance is observed in all scenarios at sufficiently low cavitation numbers when the
inducer is in breakdown, even in the scenarios where a surge was not observed. One of these
scenarios is the 9◦ inducer with SCD2 at φ = 0.042 that was discussed in the previous paragraph.
Generally, geometries that satisfy the onset condition at higher cavitation numbers (referenced to
other geometries at the same φ ) are more likely to exhibit a surge event and the surge magnitude
increases.
When designing an inducer with an SCD, an SCD surge event is something that should be
addressed and avoided. Some guidelines can be established for an appropriate SCD geometry that
will avoid the surge event. As mentioned previously, the SCD2 geometry is particularly vulnerable
to surging. This is due to large flow rates through the SCD channel and a narrow SCD bleed slot
width, which results in high velocities in the SCD bleed slot making the flow more susceptible
to cavitation. All of the modifications to the SCD geometry that are explored (decreasing ṁSCD ,
removing the tangential velocity in the SCD, and widening the SCD bleed slot) result in a lower
velocity magnitude in the SCD bleed slot and therefore, less cavitation growth is observed in
the bleed slot. Because the SCD surge event is closely related to the cavitation growth behavior
in the SCD bleed slot, limiting the cavitation growth in the SCD has a significant effect on the
stability of the pumping system. It delays the occurrence of a negative cavitation compliance to
lower cavitation numbers, which diminishes the magnitude of the surge event or in many cases,
completely suppresses the surge.
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The likelihood that an SCD geometry will develop cavitation within the bleed slot can be
determined based on single phase results for each of the geometries. The cavitation number is one
parameter that can be used to describe if cavitation will occur within a pump. An SCD cavitation
number, σSCD , can also be defined in order to describe how susceptible the SCD bleed slot is to
cavitation. σSCD is calculated in the same manner as equation 6.3, but P04 , the total pressure at the
entrance of the SCD bleed slot, is used instead of P00 . While using CFD to investigate the inducer
and SCD performance, the inlet pressure was not specified as a boundary condition. This means
that while all simulations that are operating within the single phase regime do not have cavitation
in the domain, they are not all operating at the same cavitation numbers. In order to compare the
results of single phase solutions, the SCD cavitation number needs to be referenced to the inlet
cavitation number. The reference cavitation number, ∆σSCD = σSCD − σ , is the difference between
the SCD cavitation number and the pump cavitation number.
Figure 6.7 shows the reference cavitation number for all single phase solutions as a function
of the product of the flow coefficient and the SCD flow coefficient, which is shown in equation 6.5,
where R is the shroud radius and w is the SCD bleed slot width.

φSCD =

(KSCD − 1)ṁinlet
2πRρwUtip

(6.5)

The open circles correspond to scenarios that did not exhibit a surge event in the entire
breakdown. Data points with closed circles did exhibit a surge, with larger circles representing a
larger surge magnitude. There is a clear division between scenarios that surge and those that do not
surge. The y-axis can be thought of as the pressure rise from the inlet of the domain to the SCD
bleed slot and the x-axis can be thought of as the fluid dynamic energy. The x- and y-axes are both
based on the single phase results. At low values of φSCD · φ , the velocities in the flow are lower and
for φSCD · φ < 0.004, the dynamic energy in the flow is not sufficient to generate a surge event. At
higher values for φSCD · φ , the increase in the dynamic energy can allow for a surge. An increase
in the pressure rise from the inlet of the domain to the bleed slot (a larger value in the reference
cavitation number), suppresses cavitation surge.
Two other cavitation instabilities have been observed. Alternate blade cavitation is observed in the 11◦ inducer with the SCD2e geometry at φ = 0.07. The mass flow rate through the
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Figure 6.7: The SCD reference cavitation number plotted as a function of φSCD · φ for all single
phase solutions. The open circles represent cases that did not exhibit a surge. The size of the closed
circles shows the relative surge magnitude.

SCD is not large enough to suppress backflow at the blade leading edge in this scenario. Backflow
pulls cavitation on the blade upstream from the leading edge until it interacts with the flow entering
the following blade. This is the same mechanism that leads to cavitation instabilities in inducers
that operate without an SCD. Thus, the mass flow rate through the SCD should be minimized in
order to prevent an SCD surge event but needs to remain large enough to suppress backflow at the
leading edge.
Rotating cavitation was observed in the 7◦ inducer with the SCD5e geometry at φ = 0.042.
For this geometry, flow separation occurs within the SCD bleed slot. Figure 6.8 shows a contour
plot of radial velocity for the single phase solution of this scenario. The flow separates in the radial
diffuser of the SCD bleed slot and nominally half of the SCD bleed slot exhibits radially inward
flow. At almost every operating condition explored, this has a very minimal adverse effect on the
stability of the inducer. However, for the range 0.011 < σ < 0.015 rotating cavitation is caused by
a rotating stall within the SCD bleed slot.
A sequence of images illustrates the rotating cavitation in Fig. 6.9. The green surfaces
in the left images are iso-surfaces of radial velocity equal to -1 m/s. The blue surfaces in right
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Figure 6.8: A contour plot of radial velocity in the 7◦ inducer with the SCD5e geometry at φ =
0.042 in the single phase regime is shown in a plane intersecting the center of the pump.

images show an iso-surface of the vapor fraction equal to 0.1. Rotating cavitation is caused by an
asymmetric flow separation pattern within the SCD bleed slot. In the upper right quadrant of the
SCD in the top left image, the negative velocity is at a lower radial coordinate than the rest of the
bleed slot. The fluid with negative radial velocity re-enters the core flow and engulfs the leading
edge of one of the inducer blades with a negative radial velocity. This significantly changes the
flow angle on that blade as well as the incidence, resulting in a different cavitation pattern on
that blade. The blade engulfed in the negative radial velocity rotates from blade to blade with a
sub-synchronous rotation (clockwise in the figure) at a frequency of nominally 40% of the blade
rotational frequency. On the right, the cavitation pattern in the SCD is asymmetric with almost no
cavitation within the SCD in the same quadrant of the SCD where the negative radial velocity cell
is located at a lower radial position. Variations in the blade cavitation pattern are difficult to see in
this view.
Figure 6.10 shows a sequence of contour plots of the volume fraction of vapor at the same
instances in time as Fig. 6.9 on an unwrapped plane at 98% span. One blade exhibits a very
thin cavitation sheet on the front portion of the blade compared to the rest of the blades. This
blade is the same blade that is engulfed in the negative radial velocity fluid re-entering through the
SCD bleed slot. The asymmetric cavitation pattern on the blades shown in these images leads to a
significant increase in the rotordynamic forces, which could lead to pump failure. While rotating
cavitation is not a new cavitation instability, the mechanism that leads to rotating cavitation in this
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Figure 6.9: A sequence of images illustrating the rotating cavitation observed in the 7◦ inducer with
the SCD5e geometry from 0.011 < σ < 0.015. On the left, the green surface are an iso-surface of
radial velocity equal to -1 m/s. On the right, the blue surface are iso-surfaces of the vapor fraction
equal to 0.1.
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Solution Time 0.604375 (s)

Solution Time 0.609792 (s)

Solution Time 0.615417 (s)

Solution Time 0.620625 (s)
Figure 6.10: A sequence of images illustrating contour plots of vapor fraction for the 7◦ inducer
with the SCD5e geometry from 0.011 < σ < 0.015, where rotating cavitation is observed, on an
unwrapped plane at 98% of the blade span.
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scenario is unique to an inducer operating with an SCD. Thus if the SCD bleed slot is too wide for
a specific mass flow rate through the SCD, a rotating stall within the bleed slot can lead to rotating
cavitation on the inducer blade surface.

6.7

SCD Design Best Practices
Future SCD designs can use the information in this chapter to avoid a geometry that is

prone to an SCD surge event. Figure 6.11 shows the reference cavitation number as a function
of the blade incidence, i. Equation 6.6 shows how to calculate the incidence angle for an inducer
operating with an SCD. A good correlation between the reference cavitation number and the blade
incidence exists. The data curve fit is ∆σSCD = 0.34 ln(i) − 0.06. Using this figure in conjunction
with Fig. 6.7, the SCD bleed slot width can be sized appropriately in order to design and SCD
surge likely to suppress surge.

i = βb − φ · KSCD

(6.6)

The following is an example of how to design an SCD that can both prevent backflow at
the leading edge of the inducer and an SCD surge event. Inducers are typically designed to operate

Figure 6.11: The reference cavitation number shown as a function of the blade incidence for all
inducer and SCD geometries at all flow coefficients explored.
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with a normalized incidence of γ ≈ 0.4 in order to ensure that backflow at the leading edge of an
inducer is suppressed, where γ = i/βb [1]. For a 10◦ inducer operating at φ = 0.06 with an inlet
mass flow rate of 30.5 kg/s and a shroud radius of 0.067 m, the target blade incidence angle is
nominally 4◦ . The expected reference cavitation number at this incidence angle is 0.41 (see Fig.
6.11). From equation 6.6, the SCD mass flow gain should be KSCD ≈ 1.75 in order to achieve the
desired incidence angle. Based on Fig. 6.7, a good range of φSCD · φ for ∆σSCD ≈ 0.4 is in between
0.02 and 0.03. For φSCD · φ = 0.025, The SCD flow coefficient and the width of the SCD bleed slot
can be solved for to be 0.42 and 4 mm, respectively.

6.8

Conclusions
Computational fluid dynamic simulations have been employed to explore the performance

of various inducer and SCD geometries. While implementing the SCD generally improves the
stability of the inducer as well as the suction performance, in some cases significant cavitation
instabilities have been observed. These cavitation instabilities include cavitation surge, rotating
cavitation, and alternate blade cavitation. A review of the occurrence of each of these instabilities
has been presented in this paper.
The most common cavitation instability that occurs with an SCD is cavitation surge. In six
of the 23 scenarios explored, a significant surge with a magnitude greater than 10% of the inlet mass
flow rate was observed. The onset of the SCD surge event agrees well with the condition derived
by Tsujimoto [11]. However, instead of a positive mass flow gain factor being the destabilizing
force, the instability is generated by a negative cavitation compliance that occurs within the SCD
bleed slot. This is a new phenomenon that has not been observed in inducers operating without an
SCD. Modifications to the SCD geometry that limit the cavitation growth in the SCD bleed slot
significantly decrease the surge magnitude and in many cases the surge is not observed.
Alternate blade cavitation and rotating cavitation were also observed. Alternate blade cavitation occurred within the 11◦ inducer with the SCD2e geometry at φ = 0.07. The local increase in
mass flow rate at the blade leading edge was too low to fully suppress backflow at the leading edge
of the inducer. The interaction between backflow, cavitation at the blade tip, and the following
blade in the cascade resulted in alternate blade cavitation. Rotating cavitation occurred in the 7◦
inducer with the SCD5e geometry at φ = 0.042. The width of the SCD bleed slot was too wide for
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the ṁSCD and flow separation occurred within the SCD bleed slot. A rotating stall within the SCD
modified the cavitation pattern on one of the SCD blades generating rotating cavitation.
A few design parameters for the SCD geometry to avoid these cavitation instabilities can
be established. First, the mass flow rate through the SCD should be minimized but still sufficiently
high to suppress backflow at the blade leading edge. Second, removing the tangential velocity in
the fluid passing through the SCD and widening the SCD bleed slot decrease the cavitation growth
within the SCD, which helps to suppress an SCD surge event. Third, the width of the SCD bleed
slot should prevent flow separation from occurring within the radial diffuser of the SCD.
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CHAPTER 7.

CONCLUSIONS

Improving the suction performance and stability of an inducer with an integrated inlet cover
bleed system known as a stability control device (SCD) has been investigated with computational
fluid dynamic simulations. Simulations of a 7◦ inducer with and without the implementation of
an SCD at both on- and off-design flow coefficients have been performed. Cavitation instabilities
are suppressed when the SCD is implemented, yielding a reduction greater than 98% in the rotordynamic forces compared to the results without an SCD. Because the cavitation instabilities and
backflow are suppressed when the SCD is implemented, the inducer is able to operate stably far
below the design flow coefficient. Suction performance at the design flow coefficient is nominally
the same with and without the SCD, however, because the inducer with the SCD is able to maintain
stable operation at very low flow coefficients, that maximum operable net suction specific speed
increases by nominally 250%. Thus the implementation stabilizes the flow through an inducer by
suppressing cavitation instabilities, which allows the inducer to operate at lower flow coefficients
where better suction performance is possible.
High suction performance inducers have been limited to small inlet blade angles in order
to maintain stable operation at the low flow coefficients where the best suction performance is
possible. The cavitating performance of three inducers with inlet blade angles of 7◦ , 9◦ and 11◦ is
explored. It is shown that stable operation is achieved by all three inducers at φ = 0.07, which is
a typical design φ for high suction performance pumps. The initial head fall off occurs at lower
net suction specific speeds with increasing blade angle. Inducer with larger inlet blade angles that
implement an SCD can now be considered for high suction performance pumps. This will allow
for inducers with thicker more robust blades that can still maintain equivalent suction performance
of inducers with smaller inlet blade angles.
In order to optimize the design of an SCD and inducer combination, the effects of SCD
geometry modifications on the performance of an inducer needed to be studied. Three modifica-
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tions in the SCD geometry are considered in this dissertation: 1) Widening the SCD bleed slot,
2) increasing the resistance in the SCD channel, and 3) removing swirl from the fluid as it passes
through the SCD channel. In designing an SCD and inducer, it is desirous to have an SCD mass
flow gain sufficiently large to suppress backflow at the leading edge. A strong correlation between
the SCD mass flow gain and the inlet diffusion of the inducer exists. The correlation holds for
inducers operating with cavitation. As cavitation grows within the throat, the inlet diffusion decreases and the SCD mass flow rate decreases as well. This allows a designer to predict the SCD
mass flow gain for any inducer at any flow coefficient and at any cavitation number. At low cavitation numbers, all inducers and SCD geometries operate with nominally the same SCD mass flow
gain and inlet flow conditions. A new inducer design that is optimized to produce a good head
coefficient with these inlet flow conditions can lead to further improvement in the suction performance of an inducer that operates with an SCD. Because the inlet flow conditions are the same
for all SCD variations at low cavitation numbers, the shape of the cavitation breakdown curve is
nominally the same for all SCD variations with the same inducer, however, the stability of the flow
through the inducer is greatly affected by variations in the SCD channel.
Some cavitation instabilities are observed in inducers with an SCD. In most cases, the
physics that produce these instabilities is unique to the SCD geometry. A region of backflow
is produced at the re-injection slot of the SCD when the fluid is returned to the core flow with
a tangential velocity. The pressure at the shroud is increases when the fluid returns with swirl,
resulting in an adverse pressure gradient that produces backflow. When the swirl is removed,
the pressure along the shroud remains nominally constant and backflow does not occur. Thus,
removing swirl in the SCD channel is important to prevent the development of backflow at the
re-injection location.
Backflow can occur at the leading edge of inducers with an SCD if the SCD mass flow
gain is too low. When this occurs, rotating cavitation and alternate blade cavitation can occur as
the cavitation at the blade leading edge is pulled upstream by the backflow and interacts with the
flow entering the trailing blade. This is the same mechanism that produces the same cavitation
instabilities in inducers without an SCD. Thus, an inducer with an SCD needs to be designed with
an SCD mass flow gain sufficiently high to prevent backflow at the blade leading edge.
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Cavitation surge in inducers that operate with an SCD is caused by a negative cavitation
compliance in the SCD system. A negative cavitation compliance has not been observed previously
and is unique to the SCD system. It is caused by a reduction of in the cavitation volume in the
SCD bleed slot as the cavitation number decreases. This is possible because at lower cavitation
numbers, the cavitation on the inducer blades decreases the mass flow rate through the SCD, which
lowers the velocities in the SCD bleed slot, increases the local static pressure, and the cavitation
in the SCD bleed slot collapses. This is a critical phenomenon that needs to be avoided in future
SCD designs. Decreasing the amount of cavitation build up in the SCD bleed slot can suppress the
cavitation surge event. Each of the modifications to the SCD geometry that are explored help to
suppress or limit the cavitation surge event. Best practices for an SCD and inducer design should
have a single phase SCD mass flow gain of KSCD = 1.35(βb /φ ). This target value will ensure
that the backflow at the leading edge of the inducer will be suppressed in the single phase regime
without producing a KSCD that is unnecessarily too large. The properly designed SCD geometry
also should removed the tangential velocity in the fluid as it passes through the SCD channel.
Finally, the width of the SCD bleed slot should sized so that φ · φSCD < 0.03.

7.1

Recommendations for Further Investigation
The inducer design is the most important area for further investigation. Variations in the

SCD geometry affect the stability of the flow but has little to no impact on the suction performance. Improving the suction performance requires a better inducer design that is optimized to
take advantage of the conditions present when an SCD is employed. Traditional criteria for inducer
design is largely focused on limiting and suppressing cavitation instabilities. Because instabilities
can be suppressed by a well designed SCD, previous design criteria for inducers may not apply
to inducers that operate with an SCD. This has been demonstrated partially in this dissertation by
showing that larger inlet blade angles can operate at lower flow coefficients than without an SCD.
The solidity is an important factor in the ability to produce head when cavitation is present on the
blades [20]. An investigation into the influence of the solidity and the cavitating performance of an
inducer that employs an SCD is needed. Preliminary results suggests that the cavitation breakdown
curve can be significantly affected by the solidity [47].
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An investigation into an inducer that is heavily loaded on the section of the blade downstream of the SCD bleed is also suggested. Cavitation build up at the leading edge of the inducer
while operating at low cavitation numbers is unavoidable. Previously the design criteria for the
inlet of the inducers has been to have a larger loading on the inlet of the inducer blade in order
to prevent cavitation growth at the inlet. Because the SCD stabilizes the inlet conditions and suppresses cavitation instabilities, it is believed that an aft loaded blade will maintain stability and
produce a good head rise at lower cavitation numbers.
Finally, the best practices for SCD design should be applied to the new inducer geometries
considered. This data should then be added to the correlations that have been used to develop the
best practices in order to make the model more robust.
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APPENDIX A.

SUMMARY OF WORK

Table A.1: A summary of all of the SCD geometries that are explored in this work.
βb (degrees)
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
9
9
11
11
14
14

SCD geometry
No SCD
SCD2
SCD2b
SCD2c
SCD2d
SCD2e
SCD2ds
SCD2dsa
SCD2dsb
SCD2dsc
SCD2dsd
SCD2dse
SCD2dsf
SCD3
SCD5
SCD5e
SCD5ds
SCD5dsa
SCD5dsb
SCD5dsc
SCD5dsd
SCD5dse
SCD5dsf
SCD5dsi
SCD2
SCD2e
SCD2
SCD2e
SCD2
SCD2dse

Single phase φ
0.077, 0.07, 0.056, 0.042, 0.028, 0.014
0.084, 0.07, 0.056, 0.042, 0.028, 0.014
0.07
0.07
0.07
0.07, 0.042
0.07, 0.042
0.07, 0.042
0.07
0.07
0.07
0.07, 0.042
0.07
0.07, 0.056, 0.042, 0.028, 0.014
0.07, 0.042
0.07, 0.042
0.07, 0.042
0.07
0.07
0.07
0.07
0.07, 0.042
0.07
0.07
0.07, 0.056, 0.042, 0.028, 0.014
0.07, 0.042
0.084, 0.07, 0.056, 0.042, 0.028, 0.014
0.07
0.084, 0.07, 0.056, 0.042, 0.028, 0.014
0.07, 0.042
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Multiphase φ
0.07, 0.042
0.07, 0.042, 0.028, 0.014
NA
NA
0.07
0.07, 0.042
0.07, 0.042
NA
NA
NA
NA
0.07, 0.042
NA
0.07, 0.042
0.07, 0.042
0.07, 0.042
0.07, 0.042
NA
NA
NA
NA
0.07, 0.042
NA
NA
0.07, 0.042
0.07, 0.042
0.07
0.07
0.07
0.07

